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/¶KpPDWRSRwqVH HVW OH SURFHVVXV SHUPHWWDQW OD IRUPDWLRQ GH WRXWHV OHV FHOOXOHV
VDQJXLQHV F¶HVWjGLUH SRXU OHV YHUWpEUpV OHV FHOOXOHV SHUPHWWDQW OH WUDQVSRUW GH
O¶R[\JqQHpU\WKURF\WHVRX©JOREXOHVURXJHVªHWOHVFHOOXOHVGpGLpHVjODGpIHQVH









)LJXUH   /H V\VWqPH KpPDWRSRwpWLTXH GHV PDPPLIqUHV
&KH] OHV PDPPLIqUHV DGXOWHV OHV &HOOXOHV 6RXFKHV +pPDWRSRwpWLTXHV &6+V VRQW j O¶RULJLQH GH
O¶HQVHPEOH GHV FHOOXOHV GX FRPSDUWLPHQW KpPDWRSRwpWLTXH SDU GHV pWDSHV VXFFHVVLYHV GH
GLIIpUHQFLDWLRQ /HV &6+ JpQqUHQW GHX[ W\SHV GH SURJpQLWHXUV GLVWLQFWV OHV SURJpQLWHXUV P\pORwGHV
&03V HW OHV SURJpQLWHXUV O\PSKRwGHV &/3V /¶HQVHPEOH GHV FHOOXOHV GX OLJQDJH P\pORwGH
LPSOLTXp PDMRULWDLUHPHQW GDQV OD UpSRQVH LPPXQLWDLUH LQQpH YD rWUH SURGXLW j SDUWLU GHV &03V
WDQGLV TXH OHV &/3V YRQW SHUPHWWUH OD IRUPDWLRQ GH WRXWHV OHV FHOOXOHV O\PSKRwGHV UHVSRQVDEOHV GH
OD UpSRQVH LPPXQLWDLUH DGDSWDWLYH






















































&KH] OHV PDPPLIqUHV DGXOWHV O¶KpPDWRSRwqVH D OLHX GDQV OD PRsOOH RVVHXVH




QDLVVDQFH j GLIIpUHQWV SURJpQLWHXUV LQWHUPpGLDLUHV SXLV j GHV FHOOXOHV VDQJXLQHV
PDWXUHVHWIRQFWLRQQHOOHV/HVFHOOXOHVVDQJXLQHVGHVPDPPLIqUHVVRQWFODVVpHVHQ
IRQFWLRQGHOHXUU{OHGDQVO¶RUJDQLVPHHWGXOLJQDJHDXTXHOHOOHVDSSDUWLHQQHQW'HX[
OLJQDJHV KpPDWRSRwpWLTXHV GLVWLQFWV VRQW SURGXLWV j SDUWLU GHV &6+V  OHV
SURJpQLWHXUV P\pORwGHV &03V SRXU &RPPRQ 0\HORLG 3URJHQLWRUV YRQW GRQQHU
QDLVVDQFH DX OLJQDJHP\pORwGH LPSOLTXp SULQFLSDOHPHQW GDQV O¶LPPXQLWp LQQpH QH
IDLVDQW SDV LQWHUYHQLU G¶HIIHW PpPRLUH GDQV OD OXWWH FRQWUH OHV SDWKRJqQHV  OHV
SURJpQLWHXUV O\PSKRwGHV &/3VSRXU&RPPRQ/\PSKRLG3URJHQLWRUVYRQWJpQpUHU
OHV FHOOXOHV GX OLJQDJH O\PSKRwGH RX O\PSKRF\WHV LPSOLTXpV GDQV O¶LPPXQLWp
DGDSWDWLYH&RQWUDLUHPHQWj O¶LPPXQLWp LQQpH O¶LPPXQLWpDGDSWDWLYHPHWHQ MHXGHV








/H OLJQDJHP\pORwGHHVW FRPSRVpGHVHSW W\SHV FHOOXODLUHVGLVWLQFWV )LJXUH 
SRXU UHYXH ,ZDVDNL DQG $NDVKL  2UNLQ  QLDLGQLKJRYWRSLFVLPPXQH
V\VWHP
/HV JUDQXORF\WHV LVVXV G¶XQ SURJpQLWHXU FRPPXQ DYHF OHV PDFURSKDJHV
SURJpQLWHXU *03 SRXU *UDQXORF\WH0DFURSKDJH 3URJHQLWRU LQFOXHQW OHV
PDVWRF\WHV pRVLQRSKLOHV HW QHXWURSKLOHV /HV QHXWURSKLOHV UHSUpVHQWHQW OD
SRSXODWLRQODSOXVLPSRUWDQWHHWRQWSRXUIRQFWLRQSULQFLSDOHODSKDJRF\WRVH/HV
PDVWRF\WHV HW OHV pRVLQRSKLOHV VRQW SDUWLFXOLqUHPHQW LPSRUWDQWV ORUV GH OD
UpSRQVH DQWLSDUDVLWDLUH ,OV VpFUqWHQW GHV PROpFXOHV F\WRWR[LTXHV SRXU OHV
SDWKRJqQHV RX LQIODPPDWRLUHV SHUPHWWDQW OD FRPPXQLFDWLRQ DYHF OHV DXWUHV
FHOOXOHVGXV\VWqPHKpPDWRSRwpWLTXH
/HVPDFURSKDJHV LVVXVGH ODPDWXUDWLRQGHVPRQRF\WHVVRQW LPSOLTXpVGDQV
ODSKDJRF\WRVH/HVPRQRF\WHVJpQqUHQWpJDOHPHQWOHVFHOOXOHVGHQGULWLTXHVTXL
SUpVHQWHQWGHVDQWLJqQHVDX[O\PSKRF\WHV
/H SURJpQLWHXU0(3 SRXU0HJDNDU\RF\WH(U\WKURF\WH 3URJHQLWRU JpQqUH j OD
IRLVOHVPpJDNDU\RF\WHVGRQWODGpVDJUpJDWLRQSURGXLWOHVSODTXHWWHVLPSOLTXpHV
GDQVODFRDJXODWLRQHWOHVpU\WKURF\WHVSHUPHWWDQWOHWUDQVSRUWGHO¶R[\JqQH
/HV FHOOXOHV P\pORwGHV VRQW PDMRULWDLUHPHQW LPSOLTXpHV GDQV O¶LPPXQLWp LQQpH
PDLV HOOHV FRQWULEXHQW pJDOHPHQW j OD PLVH HQ SODFH GH OD UpSRQVH LPPXQLWDLUH










/HV O\PSKRF\WHV % /% UHVSRQVDEOHV GH OD SURGXFWLRQ G¶DQWLFRUSV GLULJpV
FRQWUH XQ SDWKRJqQH 2XWUH FHWWH IRQFWLRQ PDMHXUH OHV /% SUpVHQWHQW GHV
DQWLJqQHVDX[O\PSKRF\WHV7SHUPHWWDQWOHXUDFWLYDWLRQ
/HV O\PSKRF\WHV 7 /7 TXL QDLVVHQW GDQV ODP|HOOH RVVHXVHPDLV WHUPLQHQW
OHXUPDWXUDWLRQGDQVOHWK\PXV,OVSHUPHWWHQWO¶pOLPLQDWLRQGHSDWKRJqQHVDSUqV
UHFRQQDLVVDQFHVSpFLILTXHG¶XQDQWLJqQHSUpVHQWj OHXUVXUIDFHHWFRRUGRQQHQW








)LJXUH   2ULJLQH HW PLJUDWLRQ GHV &HOOXOHV 6RXFKHV +pPDWRSRwpWLTXHV FKH] OD VRXULV
&KH] OD VRXULV O¶KpPDWRSRwqVH SULPLWLYH GpEXWH DX VWDGH HPEU\RQQDLUH ( HW SHUPHW OD IRUPDWLRQ j
SDUWLU GX VDF YLWHOOLQ G¶pU\WKURF\WHV 5HG %ORRG &HOOV  5%&V /¶KpPDQJLREODVWH j SDUWLU GXTXHO VRQW
SURGXLWHV FHV 5%&V JpQqUH pJDOHPHQW GHV &HOOXOHV (QGRWKpOLDOHV (& /H VHFRQG VLWH
KpPDWRSRwpWLTXH j VH PHWWUH HQ SODFH DX VWDGH ( HVW O¶$RUWH*RQDGH0pVRQpSKURV $*0 'DQV
OD SDUWLH YHQWUDOH GH O¶$*0 XQ HQGRWKpOLXP KpPRJpQLTXH YD SURGXLUH j OD IRLV GHV &6+V HW GHV
FHOOXOHV HQGRWKpOLDOHV /HV &6+V YRQW SDU OD VXLWH FRORQLVHU SOXVLHXUV RUJDQHV DX FRXUV GX
GpYHORSSHPHQW  OH SODFHQWD OH IRLH I°WDO OH WK\PXV HW OD UDWH HW GDQV XQ GHUQLHU WHPSV OD PRsOOH
RVVHXVH TXL UHVWH OH VHXO WLVVX KpPDWRSRwpWLTXH FKH] O¶DGXOWH











SRXU GRQQHU QDLVVDQFH DX[ GLIIpUHQWV W\SHV FHOOXODLUHV FRPSRVDQWV OH V\VWqPH
VDQJXLQ &HV FHOOXOHV VRQW UDUHV HW QH UHSUpVHQWHQW TXH  j  GHV FHOOXOHV
SUpVHQWHVGDQVODPRsOOHRVVHXVHGHO¶KRPPHDGXOWH3DQJHWDO/HV&6+V
VRQWGpILQLHVSDUOHXUFDSDFLWpjUHFRQVWLWXHUO¶LQWpJUDOLWpGXV\VWqPHKpPDWRSRwpWLTXH
G¶XQDQLPDO LUUDGLpDSUqV WUDQVSODQWDWLRQ 0HGYLQVN\HWDO$XFXQPDUTXHXU
Q¶HVWFRQQXSRXUrWUHVSpFLILTXHPHQWH[SULPpSDUOHV&6+V&HUWDLQHVFRPELQDLVRQV
GH PDUTXHXUV SHUPHWWHQW QpDQPRLQV GH VpOHFWLRQQHU XQH SRSXODWLRQ GH FHOOXOHV
HQULFKLHVHQ&6+V&KDOOHQHWDO3DUH[HPSOHOHVPDUTXHXUVFNLW&'HW




/¶KpPDWRSRwqVH FKH] OD VRXULV VH GpURXOH HQ SOXVLHXUV SKDVHV VXFFHVVLYHV DX
FRXUVGXGpYHORSSHPHQW)LJXUH$O'UHHVHWDO0HGYLQVN\HWDO/D
SKDVHLQLWLDOHHVWDSSHOpHKpPDWRSRwqVHSULPLWLYHHWGpEXWHGDQVXQHDQQH[HH[WUD
HPEU\RQQDLUH OH VDF YLWHOOLQ DX QLYHDX G¶vORWV VDQJXLQV /D IRQFWLRQ SUHPLqUH GH
FHWWH YDJXH G¶KpPDWRSRwqVH HVW OD SURGXFWLRQ G¶pU\WKURF\WHV QpFHVVDLUHV j
O¶R[\JpQDWLRQ DX FRXUV GX GpYHORSSHPHQW GH O¶HPEU\RQ /H SUHPLHU VLWH
KpPDWRSRwpWLTXH LQWUDHPEU\RQQDLUHDSSDUDvWFKH] ODVRXULVDXVWDGHHPEU\RQQDLUH
 OH ORQJ GH O¶DRUWH GRUVDOH DX QLYHDX GHV JRQDGHV HW GX PpVRQHSKURV HQ
IRUPDWLRQ DSSHOp $RUWH*RQDGH0HVRQHSKURV $*0 /¶$*0 SHUPHW O¶pPHUJHQFH
GHV&6+VDGXOWHV jSDUWLU G¶XQHQGRWKpOLXPKpPRJpQLTXH ORFDOLVpGDQVVD UpJLRQ






KpPDWRSRwpWLTXH SHUVLVWDQW FKH] OHV DGXOWHV /D YDJXH G¶KpPDWRSRwqVH LQLWLpH j
SDUWLUGHO¶$*0V¶DSSHOOHDLQVLKpPDWRSRwqVHGpILQLWLYH$XFRXUVGXGpYHORSSHPHQW
OHV &6+V SURGXLWHV j SDUWLU GX VDF YLWHOOLQ ORUV GH O¶KpPDWRSRwqVH SULPLWLYH HW GH
O¶$*0 ORUV GH O¶KpPDWRSRwqVH GpILQLWLYH YRQW FRORQLVHU G¶DXWUHV VLWHV R HOOHV YRQW
SUROLIpUHU$LQVLOHV&6+VPLJUHQWHWVRQWDPSOLILpHVGDQVOHSODFHQWDOHIRLHI°WDOOH
WK\PXV OD UDWH HW HQILQ OD PRsOOH RVVHXVH &HV RUJDQHV LQWHUYLHQQHQW GDQV
O¶KpPDWRSRwqVHPDLV LOVVRQWXQLTXHPHQWFRORQLVpVSDU OHV&6+VHWQ¶HQJpQqUHQW
SDV de novo &KH] O¶DGXOWH VHXOH OD PRsOOH RVVHXVH DVVXUH OD SURGXFWLRQ GHV
FHOOXOHVKpPDWRSRwpWLTXHV
/HFRQWU{OHJpQpWLTXHGH O¶KpPDWRSRwqVHFKH] OHVPDPPLIqUHVHVW FRPSOH[HHW
IDLW LQWHUYHQLU GHQRPEUHX[ IDFWHXUV GH WUDQVFULSWLRQ(QSDUWLFXOLHU OHV IDFWHXUV GH







OHV PDPPLIqUHV SDUWLFLSHQW j GLIIpUHQWHV pWDSHV GH O
KpPDWRSRwqVH %O\WK HW DO
  HW 581; HVW FRQQX SRXU rWUH O
XQH GHV FLEOHV OHV SOXV IUpTXHQWHV GH
WUDQVORFDWLRQVFKURPRVRPLTXHVjO
RULJLQHGHOHXFpPLHVP\pORwGHV'H%UDHNHOHHUHW
DO  /HV WUDQVORFDWLRQV FKURPRVRPLTXHV JpQqUHQW XQH GpUpJXODWLRQ GH



















































)LJXUH   /HV VLWHV KpPDWRSRwpWLTXHV DX FRXUV GX GpYHORSSHPHQW GH OD GURVRSKLOH
&KH] OD GURVRSKLOH O¶KpPDWRSRwqVH VH GpURXOH HQ GHX[ SKDVHV VXFFHVVLYHV 
 O¶KpPDWRSRwqVH SULPLWLYH SHUPHWWDQW DX VWDGH HPEU\RQQDLUH OD SURGXFWLRQ GH SODVPDWRF\WHV HW GH
FHOOXOHV j FULVWDX[ j SDUWLU GX PpVRGHUPH DQWpULHXU
 O¶KpPDWRSRwqVH GpILQLWLYH SHUPHWWDQW OD SURGXFWLRQ GH SODVPDWRF\WHV HW GH FHOOXOHV j FULVWDX[ PDLV
DXVVL GH ODPHOORF\WHV ORUV G¶XQ VWUHVV LPPXQLWDLUH WHO TXH OH SDUDVLWLVPH SDU GHV JXrSHV 3OXVLHXUV
VLWHV VRQW LPSOLTXpV GDQV O¶KpPDWRSRwqVH GpILQLWLYH  OD */ ORUV GX GpYHORSSHPHQW ODUYDLUH OHV
FRPSDUWLPHQWV VHVVLOHV FKH] OD ODUYH HW O¶DGXOWH SXLV OHV Q°XGV KpPDWRSRwpWLTXHV FKH] O¶DGXOWH






$X FRXUV GHV GHUQLqUHV GpFHQQLHV OD GURVRSKLOH V¶HVW LPSRVpH HQ WDQW
TX¶RUJDQLVPHPRGqOHGDQVO¶pWXGHGHO¶KpPDWRSRwqVH/DGLVSRQLELOLWpGHQRPEUHX[
RXWLOV JpQpWLTXHV HW PROpFXODLUHV FKH] FHW RUJDQLVPH PDLV DXVVL OH WHPSV GH
GpYHORSSHPHQW UpGXLWGHFHW LQVHFWHHQ IRQWHQHIIHWXQHDOWHUQDWLYH LQWpUHVVDQWHj
O¶XWLOLVDWLRQ GHPRGqOHVPXULQV 'H QRPEUHX[ JqQHV HW YRLHV GH VLJQDOLVDWLRQ VRQW
pYROXWLYHPHQW FRQVHUYpV HQWUH OD GURVRSKLOH HW OHV PDPPLIqUHV QpDQPRLQV OD
UHGRQGDQFHIRQFWLRQQHOOHHQWUHJqQHVGHODPrPHIDPLOOHHVWQHWWHPHQWSOXVUpGXLWH





/D */ Q¶HVW SDV OH VHXO FRPSDUWLPHQW KpPDWRSRwpWLTXH DX VWDGH ODUYDLUH GH
O¶KpPDWRSRwqVH SRXYDQW pJDOHPHQW DYRLU OLHX DX QLYHDX GHV
©FRPSDUWLPHQWVVHVVLOHVª JURXSHV GH FHOOXOHV VDQJXLQHV ORFDOLVpV OH ORQJ GHV
IODQFV GH OD ODUYH .XUXF] HW DO  /HLWmR DQG6XFHQD 0DNKLMDQL HW DO
 /HV FHOOXOHV LPPXQLWDLUHVVDQJXLQHV SURGXLWHV ORUV GH O¶KpPDWRSRwqVH
HPEU\RQQDLUH HW ODUYDLUH VRQW HQVXLWH UHWURXYpV FKH] O¶DGXOWH +RO] HW DO 









)LJXUH   /HV FHOOXOHV VDQJXLQHVLPPXQLWDLUHV GH OD GURVRSKLOH
,O H[LVWH WURLV W\SHV GH FHOOXOHV VDQJXLQHVLPPXQLWDLUHV FKH] OD GURVRSKLOH DSSHOpHV KpPRF\WHV 
$ /HV SODVPDWRF\WHV QpFHVVDLUHV j OD SKDJRF\WRVH GHV SDWKRJqQHV HW GpEULV FHOOXODLUHV 6XU
O¶LPDJH GH JDXFKH LOV VRQW YLVXDOLVpV j O¶DLGH GX PDUTXHXU 3 HW OHV QR\DX[ VRQW PDUTXpV SDU
7RSUR EOHX $ GURLWH XQ SODVPDWRF\WH PDUTXp SDU hemese!*)3 YHUW D SKDJRF\Wp GHV
EDFWpULHV E. coli TXL H[SULPHQW OD SURWpLQH IOXRUHVFHQWH 5)3 URXJH IOqFKHV URXJHV LPDJH
H[WUDLWH GH +RUQ HW DO 
% /HV FHOOXOHV j FULVWDX[ LPSOLTXpHV GDQV OD PpODQLVDWLRQ 6XU O¶LPDJH GH JDXFKH HOOHV VRQW
YLVXDOLVpHV JUkFH j O¶H[SUHVVLRQ GX WUDQVJqQH %F*)3 YHUW HW OHV QR\DX[ VRQW PDUTXpV SDU
7RSUR EOHX $ GURLWH XQH ODUYH D pWp SLTXpH j O¶DLGH G¶XQH DLJXLOOH VWpULOLVpH /H SRLQW GH
SLTUH HVW PpODQLVp IOqFKH LPDJH H[WUDLWH GH 'H *UHJRULR HW DO 
& /HV ODPHOORF\WHV UHTXLV j O¶HQFDSVXODWLRQ $ JDXFKH XQ ODPHOORF\WH HVW PDUTXp SDU OD
SKDOORwGLQH URXJH HW VRQ QR\DX SDU 'DSL EOHX 6XU O¶LPDJH GH GURLWH XQH ODUYH D pWp
SDUDVLWpH SDU OD JXrSH Leptopilina boulardi /¶°XI GH JXrSH D pWp HQFDSVXOp HW OD FDSVXOH





















&KH] OD GURVRSKLOH LO Q¶H[LVWH TXH WURLV W\SHV GH FHOOXOHV VDQJXLQHV TXH O¶RQ
GpVLJQHVRXVOHWHUPHG¶KpPRF\WHVFKH]OHVLQVHFWHV&HVFHOOXOHVRQWXQHIRQFWLRQ
LPPXQLWDLUH HW VRQW DSSHOpHV SODVPDWRF\WHV FHOOXOHV j FULVWDX[ HW ODPHOORF\WHV
)LJXUHWDQGLVTXHOH©VDQJªGHODGURVRSKLOHSRUWHOHQRPG¶KpPRO\PSKH/HV
KpPRF\WHV VH GLIIpUHQFLHQW j SDUWLU GH SURJpQLWHXUV KpPDWRSRwqWLTXHV RX SUR
KpPRF\WHV HW VRQW DSSDUHQWpV IRQFWLRQQHOOHPHQW DX OLJQDJH P\pORwGH GHV




/HV SODVPDWRF\WHV UHSUpVHQWHQW HQYLURQ  GHV KpPRF\WHV HQ FLUFXODWLRQ DX
VWDGH ODUYDLUH &HV FHOOXOHV VSKpULTXHV G¶XQ GLDPqWUH G¶HQYLURQ  P VRQW
DSSDUHQWpHVDX[PRQRF\WHVHWPDFURSKDJHVGHVPDPPLIqUHVHWRQWSRXUIRQFWLRQV
ODVpFUpWLRQGH ODPDWULFHH[WUDFHOOXODLUH 0(& 0DUWLQHNHWDODLQVLTXH OD




GDQV OD QHXWUDOLVDWLRQ GH SDWKRJqQHV SDU ©HQFDSVXODWLRQª /¶HQFDSVXODWLRQ D OLHX
ORUVTXH OH SDWKRJqQH RX OH FRUSV pWUDQJHU HVW WURS JURV SRXU rWUH SKDJRF\Wp FI
LQWURGXFWLRQ,,,%/HVSODVPDWRF\WHVSUpVHQWVGDQVO¶KpPRO\PSKHGHODODUYHVRQW














7ROO1)ț% FHQWUDOH GDQV OD UpSRQVH LPPXQLWDLUH KXPRUDOH /RUV G¶XQH LQIHFWLRQ
O¶LQDFWLYDWLRQ VSpFLILTXHPHQW GDQV OHV KpPRF\WHV GH spz HQWUDLQH HQ HIIHW XQH





'¶XQH WDLOOH FRPSDUDEOHjFHOOHGHVSODVPDWRF\WHV HQYLURQPGHGLDPqWUH
OHV FHOOXOHV j FULVWDX[ UHSUpVHQWHQW VHXOHPHQW  GHV FHOOXOHV
LPPXQLWDLUHVVDQJXLQHV SUpVHQWHV GDQV O¶KpPRO\PSKH DX VWDGH ODUYDLUH )LJXUH 
%/DQRWHWDO/HXUIRQFWLRQHVWDSSDUHQWpHjFHOOHGHVPpJDNDU\RF\WHVTXL
SHUPHWWHQWODIRUPDWLRQGHVSODTXHWWHVFKH]OHVPDPPLIqUHV/HVFHOOXOHVjFULVWDX[
SHUPHWWHQW OD PpODQLVDWLRQ HW VRQW UHTXLVHV GDQV OH SURFHVVXV GH FLFDWULVDWLRQ FI
LQWURGXFWLRQ ,,,% (OOHV GRLYHQW OHXU QRP j OD SUpVHQFH GDQV OHXU F\WRSODVPH GH




/HV ODPHOORF\WHV VRQW GpGLpV j O¶HQFDSVXODWLRQ TXL SHUPHW OD QHXWUDOLVDWLRQ
G¶REMHWV WURS JURV SRXU rWUH SKDJRF\WpV )LJXUH & FI LQWURGXFWLRQ ,,,% /HV
ODPHOORF\WHVVRQWGHJUDQGHVFHOOXOHVSODWHVHWDGKpUHQWHVG¶XQGLDPqWUHG¶HQYLURQ
 P &RQWUDLUHPHQW DX[ SODVPDWRF\WHV HW FHOOXOHV j FULVWDX[ TXL VRQW SURGXLWV
FRQVWLWXWLYHPHQWDXFRXUVGXGpYHORSSHPHQW OHV ODPHOORF\WHVQHVRQWSDVSURGXLWV
DXVWDGHHPEU\RQQDLUH$XVWDGH ODUYDLUH LOVQHVRQWTXH WUqVSHXRXSDVSURGXLWV
GDQVGHVFRQGLWLRQVSK\VLRORJLTXHVQRUPDOHVHQDEVHQFHGHVWUHVVLPPXQHWQHVH




REVHUYpHHQUpSRQVHj O¶LQIHFWLRQSDUGHVJXrSHVSDUDVLWRwGHV WHOOHVTXH ODJXrSH
Leptopilina boulardi&UR]DWLHUHWDO.U]HPLHĔHWDO
/D SUpVHQFH PDVVLYH GH ODPHOORF\WHV VH WUDGXLW SDU OD IRUPDWLRQ GH
©WXPHXUVª PpODQLVpHV GpVLJQpHV VRXV OH WHUPH GH PDVVHV PpODQRWLTXHV &HV
PDVVHV PpODQRWLTXHV VRQW REVHUYpHV GDQV GLIIpUHQWV PXWDQWV GRQW OH PXWDQW
hopTuml TXL FRQGXLW j XQH DFWLYDWLRQ FRQVWLWXWLYH GH OD NLQDVH +RSVFRWFK +RS
QpFHVVDLUH j OD WUDQVGXFWLRQ GH OD VLJQDOLVDWLRQ -$.67$7 /XR HW DO 
6RUUHQWLQRHWDOHWOHPXWDQWl(3)mbn1JqQHVXSSUHVVHXUGHWXPHXU.RQUDG
HW DO  'H IDoRQ LQWpUHVVDQWH OD SUpVHQFH GH PDVVHV PpODQRWLTXHV HVW
pJDOHPHQW REVHUYpH GDQV OH PXWDQW toll10B R OD YRLH 7ROO1)ț% HVW
FRQVWLWXWLYHPHQWDFWLYpH LQGpSHQGDPPHQWGHODSUpVHQFHGHVRQOLJDQG.XERWDHW
DO
/HV GHX[ FRPSDUWLPHQWV KpPDWRSRwpWLTXHV ODUYDLUHV F¶HVWjGLUH OD */ HW OHV
FRPSDUWLPHQWVVHVVLOHVVRQWWRXVGHX[VRXUFHVGHODPHOORF\WHV5pFHPPHQWLODpWp
PRQWUp TXH OHV SODVPDWRF\WHV HX[PrPHV SHXYHQW VRXV FHUWDLQHV FRQGLWLRQV GH
VWUHVV LPPXQLWDLUHVH WUDQVGLIIpUHQFLHUHQ ODPHOORF\WHV +RQWLHWDO6WRIDQNR
HWDO(QHIIHW LODpWpREVHUYpTX¶DSUqVSDUDVLWLVPHFHUWDLQVSODVPDWRF\WHV





GH IRUPH GH FHOOXOHV j FULVWDX[ YHUV XQH PRUSKRORJLH SURFKH GH FHOOH GHV
ODPHOORF\WHVDLQVLTX¶XQHSHUWHGH O¶H[SUHVVLRQSDUFHVFHOOXOHVGXPDUTXHXUblack 
cell*)3 bc*)3 VSpFLILTXH j FH OLJQDJH ,VPDsO 0RULQ3RXODUG GRQQpHV QRQ
SXEOLpHV GH O¶pTXLSH &HWWH GLIIpUHQFLDWLRQ HQ ODPHOORF\WHV SRXUUDLW rWUH GXH OD
SXLVVDQFHGHVODVHUVXWLOLVpVTXLDSXFRQGXLUHjXQHSURGXFWLRQG¶HVSqFHVUpDFWLYHV
GH O¶R[\JqQH 526 %LHQ TXH SUpOLPLQDLUH FHWWH REVHUYDWLRQ LQGLTXH TX¶XQH






























)LJXUH   /¶KpPDWRSRwqVH HPEU\RQQDLUH GH OD GURVRSKLOH
$ $X VWDGH HPEU\RQQDLUH  + DSUqV OD SRQWH GHX[ UpJLRQV DX VHLQ GX PpVRGHUPH PDUURQ
FRUUHVSRQGHQW DX[ SUpFXUVHXUV GHV WLVVXV KpPDWRSRwpWLTXHV  OH PpVRGHUPH SURFpSKDOLTXH
YLROHW TXL YD JpQpUHU GHV SODVPDWRF\WHV HW GHV FHOOXOHV j FULVWDX[ ORUV GH O¶KpPDWRSRwqVH
HPEU\RQQDLUH HW OH PpVRGHUPH FDUGLRJpQLTXH EOHX j SDUWLU GXTXHO YD VH IRUPHU OD */
% /HV SURJpQLWHXUV KpPDWRSRwpWLTXHV HPEU\RQQDLUHV RX SURKpPRF\WHV H[SULPHQW OH IDFWHXU GH
WUDQVFULSWLRQ 6HUSHQW 6US GqV OH VWDGH HPEU\RQQDLUH  SXLV LQLWLHQW O¶H[SUHVVLRQ GH glial cell
missing 1 HW 2 gcm1/2) j SDUWLU GX VWDGH  + DSUqV OD SRQWH 'DQV  GHV SURKpPRF\WHV
O¶H[SUHVVLRQ GH gcm1/2 HVW PDLQWHQXH HW OHV FHOOXOHV VH GLIIpUHQFLHQW HQ SODVPDWRF\WHV 3DUPL
OHV SURKpPRF\WHV XQH IDLEOH SURSRUWLRQ  YD H[SULPHU WUDQVLWRLUHPHQW OH JqQH lozenge lz
/HV SODVPDWRF\WHV GLIIpUHQFLpV YRQW HQVXLWH H[SULPHU u-shapped ush /HV KpPRF\WHV HQ
IRUPDWLRQ TXL QH PDLQWLHQQHQW SDV O¶H[SUHVVLRQ GH gcm1/2 YRQW H[SULPHU lz HW VH GLIIpUHQFLHU HQ
FHOOXOHV j FULVWDX[











 SODVPDWRF\WHV HW G
XQH VRL[DQWDLQH GH FHOOXOHV j FULVWDX[ +RO] HW DO 
$ORUVTXH OHVSODVPDWRF\WHVYRQWSURJUHVVLYHPHQWPLJUHUHWFRORQLVHU WRXW OHFRUSV
GH O
HPEU\RQ DX FRXUV GH VRQ GpYHORSSHPHQW OHV FHOOXOHV j FULVWDX[ UHVWHQW
JURXSpHV HQ GHX[ JURXSHV ELODWpUDX[ SUpVHQWV GDQV OD SDUWLH DQWpULHXUH GH
O¶HPEU\RQ





DXWUHV GDQV OH PpVRGHUPH SURFpSKDOLTXH GqV OH VWDGH  HW QpFHVVDLUH j VD
VSpFLILFDWLRQHQWLVVXKpPDWRSRwpWLTXH:DOW]HUHWDO/
H[SUHVVLRQGH6USHVW

















6US HVW TXDQW j OXL H[SULPp XQLTXHPHQW GDQV OHV SODVPDWRF\WHV HQ GHYHQLU R LO
























)LJXUH   /¶RQWRJHQqVH GH OD *ODQGH /\PSKDWLTXH
/HV IDFWHXUV GH WUDQVFULSWLRQ 6US 2GG HW &RO VRQW H[SULPpV DX VWDGH HPEU\RQQDLUH  GDQV OHV
VHJPHQWV WKRUDFLTXHV 7 j 7 HW VRQW UHTXLV j OD IRUPDWLRQ GH OD */ $QWS HVW H[SULPp XQLTXHPHQW
GDQV OH JURXSH GH FHOOXOHV GX VHJPHQW 7 VRQ H[SUHVVLRQ HVW PDLQWHQXH GDQV FHV FHOOXOHV HW HVW
QpFHVVDLUH j OD IRUPDWLRQ GX 36& $X VWDGH HPEU\RQQDLUH  O¶H[SUHVVLRQ GH &RO GLPLQXH GDQV OD
*/ HW UHVWH IRUWH GDQV OH 36& &RO HVW UHTXLV SRXU OD VSpFLILFDWLRQ GX 36& DX VWDGH HPEU\RQQDLUH
$X VWDGH ODUYDLUH / OD */ HVW FRPSRVpH GH OREHV DQWpULHXUV IRUPpV ORUV GH O¶HPEU\RJHQqVH HW GH
OREHV SRVWpULHXUV TXL VH GpYHORSSHQW DX FRXUV GHV VWDGHV ODUYDLUHV

















HPEU\RQQDLUH j SDUWLU GH WURLV JURXSHV GH FHOOXOHV PpVRGHUPLTXHV SUpVHQWV GH
FKDTXH F{Wp GHV VHJPHQWV WKRUDFLTXHV 7 7 HW 7 )LJXUH  &UR]DWLHU HW DO
 0DQGDO HW DO  &HWWH UpJLRQ GX PpVRGHUPH ODWpUDO HVW DSSHOpH
PpVRGHUPH FDUGLRJpQLTXH FDU \ HVW VSpFLILp HQ SOXV GH OD*/ OH WXEH FDUGLDTXH
FRUUHVSRQGDQW DX F°XU HW DX V\VWqPH YDVFXODLUH GH OD GURVRSKLOH 0DQGDO HW DO
 $X FRXUV GX GpYHORSSHPHQW HPEU\RQQDLUH OHV WURLV JURXSHV GH FHOOXOHV
SUpFXUVHXUVGHOD*/YRQWIXVLRQQHUSRXUGRQQHUOHVGHX[OREHVSULPDLUHVGHOD*/
OHORQJGXWXEHFDUGLDTXH
3OXVLHXUV IDFWHXUVGH WUDQVFULSWLRQVRQWQpFHVVDLUHVj OD VSpFLILFDWLRQGH OD*/
/HV IDFWHXUV GH WUDQVFULSWLRQ 6US HW 2GGVNLSSHG 2GG VRQW H[SULPpV DX VWDGH
HPEU\RQQDLUHGDQVOHVVHJPHQWV7j7HWUHTXLVj ODVSpFLILFDWLRQGHO
RUJDQH







HQ IRUPDWLRQ SXLV VRQ H[SUHVVLRQ HVW SURJUHVVLYHPHQW UHVWUHLQWH GDQV OD*/ SRXU
Q
rWUHPDLQWHQXHjXQ IRUW QLYHDXTXHGDQV OH36& &UR]DWLHU HW DO &RO HW
$QWSVRQWWRXVGHX[UHTXLVjODVSpFLILFDWLRQGX36&&RODJLVVDQWHQDYDOG¶$QWS
$ OD ILQ GX SUHPLHU VWDGH ODUYDLUHDX GpEXW GX GHX[LqPH // GpEXWH OD





























)LJXUH   /D *ODQGH /\PSKDWLTXH ODUYDLUH
$% /D */ ODUYDLUH ORFDOLVpH OH ORQJ GX WXEH FDUGLDTXH HVW FRPSRVpH G¶XQH SDLUH GH OREHV SULPDLUHV
F{Wp DQWpULHXU HW GH SOXVLHXUV SDLUHV GH OREHV VHFRQGDLUHV F{Wp SRVWpULHXU
&' &KDTXH OREH SULPDLUH HVW GLYLVp HQ SOXVLHXUV ]RQHV GLVWLQFWHV 
 /D =RQH 0pGXOODLUH YHUW FRQWHQDQW OHV SURJpQLWHXUV KpPDWRSRwpWLTXHV
 /D =RQH ,QWHUPpGLDLUH EOHXYHUW FRQWHQDQW GHV SURJpQLWHXUV SOXV DYDQFpV GDQV OHXU SURFHVVXV GH
GLIIpUHQFLDWLRQ
 /D =RQH &RUWLFDOH EOHX FRPSRVpH G¶KpPRF\WHV GLIIpUHQFLpV SURYHQDQW GH OD =0 /HV SURJpQLWHXUV
KpPDWRSRwpWLTXHV VH GLIIpUHQFLHQW HQ SODVPDWRF\WHV HW FHOOXOHV j FULVWDX[ HQ O¶DEVHQFH GH VWUHVV
LPPXQLWDLUH RX HQ ODPHOORF\WHV VXLWH j XQ SDUDVLWLVPH SDU GHV JXrSHV
 /H 36& URXJH FHQWUH GH VLJQDOLVDWLRQ ORFDOLVp HQ SRVWpULHXU GH FKDTXH OREH SULPDLUH GRQW OD
IRQFWLRQ HVW GH UpJXOHU O¶KRPpRVWDVLH GH OD */










SULPDLUHV WDQGLV TXH OHV OREHV VHFRQGDLUHV QH FRQWLHQQHQW TXH GHV FHOOXOHV




$ FH VWDGH OHV OREHV SULPDLUHV RQW XQH RUJDQLVDWLRQ VWpUpRW\SpH GLYLVpH HQ
SOXVLHXUV]RQHVGLVWLQFWHV)LJXUH-XQJHWDO
 /D =RQH 0pGXOODLUH =0 UpJLRQ OD SOXV PpGLDOH GH OD */ FRQWLHQW OHV
SURJpQLWHXUVKpPDWRSRwpWLTXHV&HWWH]RQHHVWRUJDQLVpHHQSVHXGRpSLWKpOLXP
HWH[SULPHGLIIpUHQWVPDUTXHXUVGRQWtep4'RPHOHVV'RPHHW'(FDGKpULQH
 /RFDOLVpH DX FRUWH[ GH OD */ OD =RQH &RUWLFDOH =& HVW FRPSRVpH GHV
FHOOXOHV LPPXQLWDLUHVPDWXUHV SURYHQDQW GH OD GLIIpUHQFLDWLRQ GHV SURJpQLWHXUV
SUpVHQWV GDQV OD =0 (Q FRQWH[WH SK\VLRORJLTXH ©QRUPDOª F
HVWjGLUH HQ
DEVHQFH GH VWUHVV LPPXQLWDLUH OD =& HVW FRPSRVpH GH SODVPDWRF\WHV HW GH







XQH SRSXODWLRQ GH SURJpQLWHXUV LQWHUPpGLDLUHV
Q
H[SULPDQWSOXVOHVPDUTXHXUVGHVSURJpQLWHXUVPDLVSDVHQFRUHOHVPDUTXHXUV
GH GLIIpUHQFLDWLRQ WHUPLQDOH GHV FHOOXOHV GH OD =&D pWp SURSRVpH -XQJ HW DO
 .U]HPLHQ HW DO  7RNXVXPL HW DO  &HV SURJpQLWHXUV
IRUPHUDLHQWXQH=RQH,QWHUPpGLDLUH=,VLWXpHHQWUHOD=0HWOD=&
 /RFDOLVp GX F{Wp SRVWpULHXU GHV OREHV SULPDLUHV OH&HQWUH GH 6LJQDOLVDWLRQ
3RVWpULHXU 36& UHSUpVHQWH HQYLURQ  GHV FHOOXOHV GH OD */ HW H[SULPH
GLIIpUHQWVPDUTXHXUVFRPPH+HGJHKRJ +K$QWS&RO6HUUDWH 6HU ,ODpWp
SURSRVp TXH OH 36& MRXH XQ U{OH GH FHQWUH VLJQDOLVDWHXU HQ FRQWU{ODQW
O¶KRPpRVWDVLH GH OD */ %HQPLPRXQ HW DO  'UDJRMORYLF0XQWKHU DQG

,QWURGXFWLRQ
)LJXUH   /HV FRPSDUWLPHQWV KpPDWRSRwpWLTXHV VHVVLOHV GH OD ODUYH GH GURVRSKLOH
$ 5HSUpVHQWDWLRQ VFKpPDWLTXH GH OD GLVWULEXWLRQ GHV KpPRF\WHV HQ FLUFXODWLRQ DX WURLVLqPH VWDGH
ODUYDLUH 'HV KpPRF\WHV VRQW DJJOXWLQpV VRXV OD FXWLFXOH VXLYDQW OD VHJPHQWDWLRQ GH OD ODUYH
IRUPDQW GHV JURXSHV DSSHOpV FRPSDUWLPHQWV VHVVLOHV 'HV DPDV G¶KpPRF\WHV SOXV ODUJHV VRQW
SUpVHQWV GDQV OHV GHUQLHUV VHJPHQWV DEGRPLQDX[ HW DSSHOpV 7LVVX +pPDWRSRwpWLTXH 3RVWpULHXU
7+3 /HV KpPRF\WHV SHXYHQW SDVVHU GH FHV FRPSDUWLPHQWV j OD FLUFXODWLRQ O\PSKDWLTXH HW
LQYHUVHPHQW UHSUpVHQWp SDU OHV GRXEOHV IOqFKHV
% /HV FRPSDUWLPHQWV VHVVLOHV VH IRUPHQW DXWRXU GHV RHQRF\WHV DX FRQWDFW GH QHXURQHV GX
6\VWqPH 1HUYHX[ 3pULSKpULTXH LPSOLTXpV GDQV O¶DWWUDFWLRQ GHV KpPRF\WHV /H UHJURXSHPHQW GHV
KpPRF\WHV DX QLYHDX GHV FRPSDUWLPHQWV VHVVLOHV QpFHVVLWH O¶H[SUHVVLRQ GH OD SURWpLQH (DWHU
GDQV OHV SODVPDWRF\WHV 'HV pFKDQJHV HQWUH OD FLUFXODWLRQ O\PSKDWLTXH HW OHV FRPSDUWLPHQWV
VHVVLOHV SHXYHQW DYRLU OLHX
& /HV SODVPDWRF\WHV SUpVHQWV DX QLYHDX GHV FRPSDUWLPHQWV VHVVLOHV SHXYHQW SUROLIpUHU
' 'H OH WUDQVGLIIpUHQFLDWLRQ GH SODVPDWRF\WHV HQ FHOOXOHV j FULVWDX[ D pWp GpFULWH DX QLYHDX GHV
FRPSDUWLPHQWV VHVVLOHV &H SURFHVVXV HVW GpSHQGDQW GH OD VLJQDOLVDWLRQ 1RWFK 1























GX 36& SRVVqGHQW GHV H[WHQVLRQV F\WRSODVPLTXHV DSSHOpHV ILORSRGHV
5pFHPPHQW )XZD HW DO VXJJqUHQW TXH FHV ILORSRGHV VRQW QpFHVVDLUHV j OD
FRPPXQLFDWLRQ HQWUH 36& HW KpPRF\WHV )XZD HW DO  (Q HIIHW LOV
REVHUYHQW TX¶HQ DEVHQFH G¶DQWLJqQH 7 O¶H[WHQVLRQ GH ILORSRGHV j SDUWLU GHV
FHOOXOHVGX36&HVWDEROLHHQWUDLQDQWXQHGLIIpUHQFLDWLRQDFFUXHGHVKpPRF\WHV
GDQV OD */ /¶H[SUHVVLRQ GH O¶DQWLJqQH 7 VHUDLW QpFHVVDLUH GDQV OHV
SODVPDWRF\WHV SUpVHQWV GDQV OD =& DILQ GH JpQpUHU XQ HQYLURQQHPHQW H[WUD
FHOOXODLUHFDSDEOHGHVXSSRUWHUO¶H[WHQVLRQGHILORSRGHV
'DQVXQFRQWH[WH©QRUPDOªF¶HVWjGLUHHQDEVHQFHGHVWUHVV LPPXQLWDLUH OHV
FHOOXOHV FRQWHQXHV GDQV OD */ SURJpQLWHXUV HW FHOOXOHV GLIIpUHQFLpHV YRQW rWUH
UHOkFKpHV GDQV OD FLUFXODWLRQ O\PSKDWLTXH DXPRPHQW GH OD PpWDPRUSKRVH DSUqV
GLVSHUVLRQ GH OD */ +DUWHQVWHLQ  1pDQPRLQV OD GLVSHUVLRQ GH OD */ SHXW
DXVVL DYRLU OLHXGH IDoRQSUpPDWXUpH HQSDUWLFXOLHU HQ UpSRQVHDXSDUDVLWLVPHSDU
GHVJXrSHV'DQVFHVFRQGLWLRQVOHVSURJpQLWHXUVGHOD=0DLQVLTXHFHX[SUpVHQWV
GDQV OHV OREHV VHFRQGDLUHV VH GLIIpUHQFLHQW PDVVLYHPHQW HQ ODPHOORF\WHV SXLV
HQYLURQ XQ MRXU DSUqV SDUDVLWLVPH j & OHV OREHV SULPDLUHV VH GpVDJUqJHQW










SOXV ODUJHV ORFDOLVpV GDQV OHV GHX[ GHUQLHUV VHJPHQWV DEGRPLQDX[ HW DSSHOpV
©7LVVX+pPDWRSRwpWLTXH3RVWpULHXUª7+3)LJXUH.XUXF]HWDO,ODpWp

















OD IDPLOOH 1LPURG HVW QpFHVVDLUH GDQV OHV SODVPDWRF\WHV SRXU SHUPHWWUH OHXU
UHFUXWHPHQW DLQVL TXH FHOXL GHV FHOOXOHV j FULVWDX[ DX QLYHDX GHV FRPSDUWLPHQWV
VHVVLOHV %UHWVFKHU HW DO  /H 6\VWqPH 1HUYHX[ 3pULSKpULTXH 613 HVW
pJDOHPHQW LPSOLTXp GDQV OD IRUPDWLRQ GHV FRPSDUWLPHQWV VHVVLOHV HQ HIIHW HQ
DEVHQFHGHFHUWDLQVQHXURQHVGX613GDQVOHPXWDQWatonalRQREVHUYHXQGpILFLW
HQ KpPRF\WHV VHVVLOHV WDQGLV TX¶XQ QRPEUH SOXV pOHYp GH QHXURQHV JpQpUp SDU
O¶H[SUHVVLRQHFWRSLTXHGXJqQHSURQHXUDOscuteDWWLUH OHVKpPRF\WHVHQFLUFXODWLRQ
YHUV FHV QHXURQHV HFWRSLTXHV 0DNKLMDQL HW DO  (Q SOXV GHV FHOOXOHV j












)LJXUH   /HV © Q°XGV KpPDWRSRwpWLTXHV ª GH OD GURVRSKLOH DGXOWH
'HV VLWHV KpPDWRSRwpWLTXHV DSSHOpV Q°XGV KpPDWRSRwpWLTXHV RQW pWp GpFULWV GDQV O¶DEGRPHQ GH OD
GURVRSKLOH DGXOWH $ &HV VLWHV VRQW ORFDOLVpV OH ORQJ GX WXEH FDUGLDTXH '9 GDQV OHV VHJPHQWV
DEGRPLQDX[ $ j $ % /D SUpVHQFH G¶KpPRF\WHV HVW GpWHFWpH JUkFH j O¶H[SUHVVLRQ GH OD *)3
VRXV OH FRQWU{OH GX SLORWH hml-gal4 YHUW HW OH WXEH FDUGLDTXH DLQVL TXH OD PXVFXODWXUH VRQW
YLVXDOLVpV JUkFH j XQ PDUTXDJH SKDOORwGLQH URXJH % ' ( /HV KpPRF\WHV SUpVHQWV GDQV OHV
Q°XGV KpPDWRSRwpWLTXHV SURYLHQQHQW GHV YDJXHV KpPDWRSRwpWLTXHV HPEU\RQQDLUH HW ODUYDLUH &
(Q FRXSH WUDQVYHUVDOH RQ REVHUYH TXH FHV KpPRF\WHV VRQW ORFDOLVpV HQWUH OH F°XU HW OD FXWLFXOH GH
OD GURVRSKLOH '( 8QH UHSUpVHQWDWLRQ VFKpPDWLTXH G¶XQ Q°XG KpPDWRSRwpWLTXH HVW GRQQpH HQ )
%:0  ERG\ ZDOO PXVFOH 7+0  WUDQVYHUVH KHDUW PXVFOH /+0  ORQJLWXGLQDO KHDUW PXVFOH








HW DO 1pDQPRLQV 6*KRVK HW DO SURSRVHQW TXH GH O¶KpPDWRSRwqVH D OLHX
FKH] O¶DGXOWH *KRVK HW DO  /HV DXWHXUV RQW LGHQWLILpV FKH] O¶DGXOWH TXDWUH
FOXVWHUV G¶KpPRF\WHV ORFDOLVpV GX F{Wp GRUVDO GHV VHJPHQWV DEGRPLQDX[$ j$




*/ ODUYDLUH 'H SOXV LOV RQW REVHUYp XQH SURGXFWLRQ de novo GH SODVPDWRF\WHV
H[SULPDQW OHPDUTXHXU+HPROHFWLQHHWGHFHOOXOHVjFULVWDX[ H[SULPDQW+LQGVLJKW
RX lz!*)3 j SDUWLU GH FHV FOXVWHUV HW SURSRVHQW GRQF TXH FH VRQW GH UpHOV VLWHV
KpPDWRSRwpWLTXHV&HVUpVXOWDWVSRVHQWODTXHVWLRQGHODGpILQLWLRQSUpFLVHGXWHUPH
KpPDWRSRwqVH 'HV pYqQHPHQWV GH GLIIpUHQFLDWLRQ GHV SURJpQLWHXUV
KpPDWRSRwpWLTXHV RQW FODLUHPHQW OLHX GDQV FHV Q°XGV KpPDWRSRwpWLTXHV
QpDQPRLQV OD SUpVHQFH HW OD GLYLVLRQ GH SURJpQLWHXUV Q¶HVW SDV GpPRQWUpH &HWWH
TXHVWLRQUHVWHG¶DLOOHXUVWUqVGLIILFLOHjDERUGHUFDURQQHGLVSRVHSDVGHPDUTXHXUV
SHUPHWWDQWG¶LGHQWLILHUHWGHVXLYUHOHVSURKpPRF\WHVFKH]O¶DGXOWH
&KH] OHV YHUWpEUpV FRPPH FKH] OHV PDPPLIqUHV O¶KpPDWRSRwqVH HVW GRQF XQ

























)LJXUH   /D QLFKH KpPDWRSRwpWLTXH GHV PDPPLIqUHV DGXOWHV
/H PLFURHQYLURQQHPHQW SUpVHQW GDQV OD PRsOOH RVVHXVH DSSHOp © QLFKH KpPDWRSRwpWLTXH ª
UpJXOH OD SUROLIpUDWLRQ OD GLIIpUHQFLDWLRQ HW O¶DXWRUHQRXYqOHPHQW GHV &6+V 'HX[ QLFKHV SHXYHQW
rWUH GLVWLQJXpHV  OD QLFKH HQGRVWpDOH DX FRQWDFW GLUHFW GH O¶RV HW OD QLFKH YDVFXODLUH DVVRFLpH
DX[ DUWpULROHV DVVXUDQW OD YDVFXODULVDWLRQ GH OD PRsOOH RVVHXVH 'H QRPEUHX[ W\SHV FHOOXODLUHV
LQWHUYLHQQHQW GDQV OD UpJXODWLRQ GHV &6+V  RVWpREODVWHV HW RVWpRFODVWHV FHOOXOHV HQGRWKpOLDOHV
PDFURSKDJHV &HOOXOHV 6RXFKHV 0pVHQFK\PDWHXVHV &60V &HOOXOHV 5pWLFXODLUHV &$5V
QHXURQHV GX 6\VWqPH 1HUYHX[ 3pULSKpULTXH $X FRXUV GX YLHLOOLVVHPHQW OD PRsOOH RVVHXVH
FRQWLHQW GH SOXV HQ SOXV G¶DGLSRF\WHV HW XQH UpGXFWLRQ GHV FDSDFLWpV KpPDWRSRwpWLTXHV HVW
REVHUYpH






/HV FDSDFLWpV G¶DXWRUHQRXYHOOHPHQW GH SUROLIpUDWLRQ HW GH GLIIpUHQFLDWLRQ GHV
&6+V FRPPH GHV DXWUHV W\SHV GH FHOOXOHV VRXFKHV VRQW UpJXOpHV SDU OHXU
PLFURHQYLURQQHPHQW DSSHOpQLFKH&HFRQFHSWGHQLFKHDG¶DERUGpWpSURSRVpHQ
 SDU 5D\ 6FKRILHOG TXL D REVHUYp TXH OD UDWH pWDLW LQFDSDEOH GH VRXWHQLU OHV
&6+V GH OD PrPH IDoRQ TXH OD PRsOOH RVVHXVH HW HQ D GpGXLW TXH OH
PLFURHQYLURQQHPHQWSUpVHQWGDQV ODPRsOOHRVVHXVHGHYDLWFRQWHQLUGLYHUVIDFWHXUV
HVVHQWLHOVjOHXUFRQWU{OH6FKRILHOG$XFRXUVGXGpYHORSSHPHQWGLIIpUHQWHV
QLFKHV FRQWU{OHQW OHV &6+V j WRXWHV OHV pWDSHV GH O¶RQWRJHQqVH GX V\VWqPH
KpPDWRSRwpWLTXH GDQV OH IRLH I°WDO O¶$*0« FI LQWURGXFWLRQ ,$ &KH] OHV
PDPPLIqUHVDGXOWHV LODpWpSURSRVpTXHODQLFKHKpPDWRSRwpWLTXHTXLFRQWU{OHOHV
&6+V GDQV OD PRsOOH RVVHXVH VH GLYLVH HQ GHX[ FRPSRVDQWHV DQDWRPLTXHPHQW
GLVWLQFWHVXQHQLFKHGLWH©HQGRVWpDOHªSURFKHGHODVXUIDFHGHO¶RVHWXQHQLFKH




/DQLFKHHQGRVWpDOHHVW HQFRQWDFWDYHF O¶RVHQ IRUPDWLRQ DSSHOpHQGRVWHXP





7HUP&6+V/7&6+V WDQGLV TXH OD QLFKH YDVFXODLUH SRXUUDLW FRQWU{OHU OHV &6+V
D\DQWXQHSUROLIpUDWLRQSOXVDFWLYHHWSUrWHVjVHGLIIpUHQFLHUDSSHOpHV6KRUW7HUP
&6+V67&6+V1LOVVRQHWDO2QVDLWDXMRXUG¶KXLTXHODVLWXDWLRQHVWSOXV
FRPSOH[H HW TXH GHV /7&6+V VRQW pJDOHPHQW VRXV OH FRQWU{OH GH OD QLFKH GLWH






9LVQMLF HW DO  WDQGLV TX¶DX FRQWUDLUH XQH DXJPHQWDWLRQ GX QRPEUH
G¶RVWpREODVWHVREWHQXHSDUGpOpWLRQFRQGLWLRQQHOOHGXUpFHSWHXU%035DGDQVFHV
FHOOXOHVFRQGXLWjXQHDXJPHQWDWLRQGXQRPEUHGH&6+V=KDQJHWDO&HV
GRQQpHV UpYqOHQW OH U{OHFOp MRXpSDU OHVRVWpREODVWHVGDQV OHPDLQWLHQGHV&6+V
/HV RVWpRFODVWHV PDFURSKDJHV UHVSRQVDEOHV GH OD GpJUDGDWLRQ GH O¶RV VRQW




GH GLIIpUHQWHV QDWXUHV F\WRNLQHV IDFWHXUV GH FURLVVDQFH KRUPRQHV PROpFXOHV




&6+V GDQV ODPRsOOH RVVHXVH 6XJL\DPD HW DO  /¶DQFUDJH GHV &6+V j OD
QLFKH HQGRVWpDOH HVW GpSHQGDQW GH GLIIpUHQWHV PROpFXOHV G¶DGKpVLRQ GRQW OD
SURWpLQH9DVFXODU&HOO$GKpVLRQ0ROpFXOH9&$0H[SULPpHHQWUHDXWUHVSDUOHV
RVWpREODVWHV9&$0 LQWpUDJLW DYHF O¶LQWpJULQHĮȕGHV&6+VSRXUSHUPHWWUH OHXU
PDLQWLHQ GDQV OD PRsOOH RVVHXVH -LDQJ HW DO  /HZDQGRZVNL HW DO 
'¶DXWUHVLQWpUDFWLRQVOLJDQGUpFHSWHXUHQWUH&6+VHWRVWpREODVWHVLQWHUYLHQQHQWGDQV
O¶DQFUDJHRX OHFRQWU{OHGHV&6+V&¶HVW OHFDVSRXU OD1FDGKpULQHH[SULPpHSDU
OHV&6+VTXLLQWpUDJLWDYHFODȕFDWpQLQHH[SULPpHSDUOHVRVWpREODVWHV/¶LQKLELWLRQ
GHOD1FDGKpULQHGDQVOHV&6+VHQWUDvQHXQHGLPLQXWLRQGHOHXUQRPEUH+RVRNDZD
HW DO  =KDQJ HW DO  /D OLDLVRQ GLUHFWH HQWUH O¶$QJLRSRwpWLQH $QJ
H[SULPpH SDU OHV RVWpREODVWHV HW VRQ UpFHSWHXU H[SULPp SDU OHV &6+V 7LH
LQWHUYLHQWpJDOHPHQWGDQVO¶DQFUDJHGHV&6+V$UDLHWDO(QILQOHVYRLHVGH
VLJQDOLVDWLRQ :LQW :QW 1RWFK 1 HW 6RQLF+HGKHKRJ 6+K RQW pWp PRQWUpHV
FRPPHHVVHQWLHOOHVGDQVOHFRQWU{OHGHV&6+VSDUODQLFKHKpPDWRSRwpWLTXH'DQV
OHV WURLV FDV OHXU U{OH DSSDUDvW FRPSOH[H HW SDUIRLVPrPH FRQWURYHUVp UpYpODQW OD
JUDQGHFRPSOH[LWpGHVUpJXODWLRQVPLVHVHQMHXDXVHLQGHODQLFKHSRXUUHYXH/R





YRLH:QW Q¶HVW SDV QpFHVVDLUH GH IDoRQ FHOOXODLUHDXWRQRPH GDQV OH FRQWU{OH GHV
&6+V&REDVHWDO'¶DXWUHVpWXGHVSURSRVHQWTX¶HOOHHVWSDUFRQWUHUHTXLVH
GDQVODQLFKHKpPDWRSRwpWLTXHSRXUSHUPHWWUHOHFRQWU{OHGHV&6+V)OHPLQJHWDO
 5HQVWU|P HW DO  (Q HIIHW OD VXUH[SUHVVLRQ VSpFLILTXHPHQW GDQV OHV
RVWpREODVWHVG¶XQLQKLELWHXUGHODYRLH:QW'LFNNRSI+RPRORJXH'..HQWUDvQH
XQ GpIDXW G¶DXWRUHQRXYHOOHPHQW GHV&6+V )OHPLQJ HW DO 5HQVWURP HW DO
REVHUYHQW pJDOHPHQW TXH OH QRPEUH GH /7&6+V HVW DXJPHQWp GDQV GHV VRXULV
GpILFLHQWHVSRXUXQDXWUHUpJXODWHXUQpJDWLIGHODYRLH:QW6HFUHWHG)UL]]OHG5HODWHG
3URWHLQ  6)53 VXJJpUDQW TXH O¶DFWLYLWp GH OD YRLH:QW HVW QpFHVVDLUH GDQV OD
QLFKHKpPDWRSRwpWLTXHSRXUFRQWU{OHUOHV&6+V5HQVWU|PHWDO/HU{OHGHV
YRLHV GH VLJQDOLVDWLRQ 1 HW 6+K GDQV OD QLFKH KpPDWRSRwpWLTXH HVW pJDOHPHQW
FRPSOH[H'DQVFHUWDLQHVpWXGHVODPDQLSXODWLRQJpQpWLTXHGHFHVYRLHVFRQGXLWj






&6+V TXLHVFHQWHV HVW ORFDOLVpH DX FRQWDFW GHV DUWpULROHV TXL DVVXUHQW OD
YDVFXODULVDWLRQGH ODPRsOOHRVVHXVH .XQLVDNLHWDO.XQLVDNLDQG)UHQHWWH
 /HV FHOOXOHV HQGRWKpOLDOHV TXL FRPSRVHQW FHV YDLVVHDX[ VDQJXLQV VRQW
GLUHFWHPHQW LPSOLTXpHV GDQV OH FRQWU{OH GHV &6+V (Q HIIHW OD GpOpWLRQ GH OD
PROpFXOH G¶DGKpVLRQ (VpOHFWLQH H[SULPpH VSpFLILTXHPHQW GDQV OHV FHOOXOHV
HQGRWKpOLDOHVFRQGXLWjXQHIRUWHGLPLQXWLRQGHODSUROLIpUDWLRQGHV&6+V:LQNOHUHW
DO  LQGLTXDQW XQ U{OH GLUHFW GHV FHOOXOHV HQGRWKpOLDOHV GDQV OH FRQWU{OH GHV
&6+V'HSOXVODGpOpWLRQGXOLJDQG.LW/GDQVOHVFHOOXOHVHQGRWKpOLDOHVHQWUDvQHXQH
SHUWHGH&6+V&H OLJDQG VH OLH DX UpFHSWHXU FNLW SUpVHQW j OD VXUIDFHGHV&6+V
'LQJ HW DO  (Q SOXV GH FHV IDFWHXUV VSpFLILTXHV OHV FHOOXOHV HQGRWKpOLDOHV



























)LJXUH   /HV DXWUHV DFWHXUV GX FRQWU{OH GH O¶KpPDWRSRwqVH
2XWUH OHV FRPSRVDQWV GH OD QLFKH HQGRVWpDOH RVWpREODVWHV HW RVWpRFODVWHV HW GH OD QLFKH
YDVFXODLUH FHOOXOHV HQGRWKpOLDOHV GH QRPEUHX[ DXWUHV W\SHV FHOOXODLUHV DSSHOpV FHOOXOHV
VWURPDOHV SUpVHQWV GDQV OD PRsOOH RVVHXVH LQWHUYLHQQHQW GDQV OD UpJXODWLRQ GHV &6+V   OHV
&HOOXOHV 5pWLFXODLUHV &$5V YLD OD SURGXFWLRQ GH &;&/ HW GH 6&)  OH V\VWqPH QHUYHX[
SpULSKpULTXH GRQW FHUWDLQV QHXURQHV FRQWU{OHQW OD SURGXFWLRQ GH PROpFXOHV GH UpJXODWLRQ SDU OHV
DXWUHV FHOOXOHV GH OD QLFKH WDQGLV TXH OHV FHOOXOHV JOLDOHV GH 6FKZDQQ SURGXLVHQW GX 7*)ȕ  OHV
&HOOXOHV 6RXFKHV 0pVHQFK\PDWHXVHV &60V TXL H[SULPHQW &;&/ O¶$QJLRSRwpWLQH $QJ HW
OD PROpFXOH G¶DGKpVLRQ 9&$0 (QILQ GHV KRUPRQHV HQ SDUWLFXOLHU OHV KRUPRQHV
SDUDWK\URwGLHQQHV 37+ OD 3URVWDJODQGLQH  3*( HW OHV 2HVWURJqQHV 2( IDYRULVHQW OH
PDLQWLHQ GHV &6+V GDQV OD PRsOOH RVVHXVH DX FRQWUDLUH GHV DGLSRF\WHV TXL IDYRULVHQW OHXU
PRELOLVDWLRQ KRUV GH OD PRsOOH RVVHXVH
DGDSWp GH $QWKRQ\ DQG /LQN 

,QWURGXFWLRQ




2XWUH OHV FRPSRVDQWV GHVQLFKHVHQGRVWpDOH HW YDVFXODLUH GHQRPEUHX[ W\SHV
FHOOXODLUHV UpVLGDQW GDQV OD PRsOOH RVVHXVH DSSHOpHV FHOOXOHV VWURPDOHV
LQWHUYLHQQHQWpJDOHPHQWGDQVOHFRQWU{OHGHV&6+V)LJXUH
 /HV&HOOXOHV6RXFKHV0pVHQFK\PDWHXVHV &60V FHWWH VRXVSRSXODWLRQ GH
FHOOXOHV VWURPDOHV FDUDFWpULVpH SDU O¶H[SUHVVLRQ j OHXU VXUIDFH GX PDUTXHXU
1HVWLQH H[SULPH SOXVLHXUV GHV IDFWHXUV LPSOLTXpV GDQV OD PDLQWHQDQFH GHV




 /HV FHOOXOHV UpWLFXODLUHV DERQGDQWHV HQ &;&/ &$5V FRPPH OHXU QRP
O¶LQGLTXHFHVFHOOXOHVH[SULPHQWXQKDXWQLYHDXGH&;&/(OOHVSURYLHQQHQWGH
ODGLIIpUHQFLDWLRQGHV&60VHWFRQWULEXHQWDXPDLQWLHQGHV&6+VGDQVODQLFKH
HQGRVWpDOHSDU ODSURGXFWLRQGHPROpFXOHV WHOOHVTXH&;&/RX OH6WHP&HOO
)DFWRU6XJL\DPDHWDO
/HV PpJDNDU\RF\WHV O¶DEODWLRQ GHV PpJDNDU\RF\WHV HQWUDvQH XQ GpIDXW GH
SUROLIpUDWLRQ HW G¶DQFUDJH GHV &6+V UHVWDXUp SDU O¶DGPLQLVWUDWLRQ GH
7KURPERSRwpWLQH 732 1DNDPXUD,VKL]X HW DO  VXJJpUDQW TXH OHV
PpJDNDU\RF\WHV VRQW QpFHVVDLUHV DX PDLQWLHQ GHV &6+V HW FHFL YLD OD
SURGXFWLRQGH732
/HV PDFURSKDJHV OD GpSOpWLRQ GHV PRQRF\WHVPDFURSKDJHV HVW DVVRFLpH j
XQH PRELOLVDWLRQ LPSRUWDQWH GHV &6+V KRUV GH OD PRsOOH RVVHXVH /D
FRPPXQLFDWLRQHQWUHPDFURSKDJHVHW&6+VSDVVHHQWUH DXWUH SDU O¶LQWpUDFWLRQ
&;&/&;&5%UR[PH\HU/DSLGRWDQG3HWLW





GX 7*)ȕ FDSWp SDU OHV &6+V YLD OHXU UpFHSWHXU 7*)ȕ W\SH  UHFHSWRU HW
QpFHVVDLUHjOHXUPDLQWLHQ<DPD]DNLHWDO
/HV DGLSRF\WHV OH QRPEUH G¶DGLSRF\WHV SUpVHQWV GDQV OD PRsOOH RVVHXVH
DXJPHQWHDYHF O¶kJH1DYHLUDVHWFRO RQWPRQWUpTX¶LOH[LVWHXQ UDSSRUW
LQYHUVHPHQW SURSRUWLRQQHO HQWUH O¶DFWLYLWp KpPDWRSRwpWLTXH HW OD TXDQWLWp
G¶DGLSRF\WHVGDQVODPRsOOHRVVHXVHVXJJpUDQWXQU{OHLQKLELWHXUGHVDGLSRF\WHV
VXUOHPDLQWLHQGHV&6+V1DYHLUDVHWDO
/H QRPEUH LPSRUWDQW GH W\SHV FHOOXODLUHV DLQVL TXH GH VLJQDX[ PROpFXODLUHV
LPSOLTXpV GDQV OH FRQWU{OH GH O¶DXWRUHQRXYqOHPHQW GH OD SUROLIpUDWLRQ HW GH OD






/RUV G¶XQH EOHVVXUH RX G¶XQH LQIHFWLRQ RQ REVHUYH XQH SHUWH GHV FHOOXOHV
KpPDWRSRwpWLTXHVGXHjXQHKpPRUUDJLHXQHPRELOLVDWLRQGHVFHOOXOHVLPPXQLWDLUHV
DXQLYHDXGXVLWH LQIHFWLHX[RXj OHXUPRUWSDUDSRSWRVHHQUpSRQVHj ODSUpVHQFH
G¶XQ SDWKRJqQH 3UHQGHUJDVW DQG (VVHUV  &HV FHOOXOHV GRLYHQW UDSLGHPHQW
rWUH UHPSODFpHV 3RXU FHOD OHV &6+V TXL UHVWHQWPDMRULWDLUHPHQW TXLHVFHQWHV HQ
FRQGLWLRQ©QRUPDOHªVRQWDORUVPRELOLVpHVF¶HVWjGLUHTX¶HOOHVPLJUHQWKRUVGHOD
PRsOOHRVVHXVHHWDXJPHQWHQWOHXUWDX[GHSUROLIpUDWLRQHWGHGLIIpUHQFLDWLRQDILQGH
JpQpUHU GH QRXYHOOHV FHOOXOHV VDQJXLQHV $LQVL ORUV G¶XQH DQpPLH SURYRTXpH SDU
H[HPSOH SDU XQH KpPRUUDJLH OH WDX[ GH SURGXFWLRQ G¶pU\WKURF\WHV HVW IRUWHPHQW
DXJPHQWp6RFRORYVN\'HV&6+VHWGHVSURJpQLWHXUVpU\WKURwGHVYRQWSRXU
FHODTXLWWHU ODPRsOOHRVVHXVHHWVHGLIIpUHQFLHUPDVVLYHPHQWHQpU\WKURF\WHVGDQV
G¶DXWUHV VLWHV G¶KpPDWRSRwqVH FRPPH OD UDWH&HWWH pU\WKURSRwqVH H[WUDPpGXOODLUH
Q¶HVWREVHUYpHTXHORUVG¶XQVWUHVVHWIDLW LQWHUYHQLUOHVYRLHVGHVLJQDOLVDWLRQ%RQH
0RUSKRJHQHWLF3URWHLQ %03 HW+K DLQVL TXH GHV VLJQDX[PROpFXODLUHV GLIIXVLEOHV
FRPPHO¶pU\WKURSRwpWLQHHWOH6WHP&HOO)DFWRU6&)/HQR[HWDO3HUU\HWDO
3HUU\HWDO/¶pWDWDFWLYpHWKDXWHPHQWSUROLIpUDWLIGHV&6+V ORUVG¶XQ





VRQWjFH MRXUSHXFRQQXV 7UXPSSHWDO ([SpULPHQWDOHPHQW OH WUDLWHPHQW

























)LJXUH   /D PRELOLVDWLRQ GHV &6+V VXLWH j XQ VWUHVV KpPDWRSRwpWLTXH VHORQ OH PRGqOH GHV
WURLV VLJQDX[
(Q O¶DEVHQFH GH VWUHVV LPPXQ JDXFKH OHV &6+V VRQW PDLQWHQXHV HQ TXLHVFHQFH SDU OHV FHOOXOHV
GH OD QLFKH KpPDWRSRwpWLTXH YLD GHV LQWHUDFWLRQV GLUHFWHV FHOOXOHFHOOXOH HW GHV VLJQDX[ GLIIXVLEOHV
/RUV G¶XQ VWUHVV KpPDWRSRwpWLTXH GURLWH O¶DFWLYDWLRQ GHV &6+V SDU OD GpWHFWLRQ GLUHFWH GH PRWLIV
PLFURELHQV 3DWKRJHQ$VVRFLDWHG 0ROHFXODU 3DWWHUQV RX 3$03V RX GH GpEULV FHOOXODLUHV 'DQJHU
$VVRFLDWHG 0ROHFXODU 3DWWHUQV RX '$03V FRQVWLWXH XQ SUHPLHU VLJQDO IDYRULVDQW OHXU PRELOLVDWLRQ
/D SUROLIpUDWLRQ HW OD PRELOLVDWLRQ GHV &6+V KRUV GH OD PRsOOH RVVHXVH HVW pJDOHPHQW SHUPLVH SDU
XQH FRVWLPXODWLRQ GH OD SDUW GH FHOOXOHV LPPXQLWDLUHV DFWLYpHV VLJQDO  DLQVL TXH OD SUpVHQFH GH
F\WRNLQHV SURLQIODPPDWRLUHV SURYHQDQW j OD IRLV GHV FHOOXOHV GH OD QLFKH HW GH OD FLUFXODWLRQ
V\VWpPLTXH VLJQDO  /¶HQVHPEOH GH FHV WURLV VLJQDX[ FRQGXLW j XQH PRELOLVDWLRQ GHV &6+V TXL QH
VRQW SOXV TXLHVFHQWHV PDLV DFWLYpHV HW VRUWHQW GH OD PRsOOH RVVHXVH SRXU VH GLIIpUHQFLHU








vivo VXLWH j XQH LQIHFWLRQ YLUDOH GH %UXLQ HW DO  'HV F\WRNLQHV SUR
LQIODPPDWRLUHVVRQWpJDOHPHQWLPSOLTXpHVGDQVODPRELOLVDWLRQGHV&6+VVXLWHjXQ
VWUHVVLPPXQQpDQPRLQVOHXULGHQWLILFDWLRQUHVWHHQFRUHWUqVVXFFLQFWH3DUPLHOOHV
O¶LQWHUOHXNLQH ,/ HQWUDvQH XQH DXJPHQWDWLRQ GX IDFWHXU GH WUDQVFULSWLRQ 38
FRQGXLVDQWjXQHGLIIpUHQFLDWLRQDFFUXHHQFHOOXOHVP\pORwGHV=RYHLQDQG)RUVEHUJ

'H IDoRQ LQWpUHVVDQWH OHV&6+VVRQWGLUHFWHPHQW FDSDEOHVGH UHFRQQDvWUHGHV
PRWLIVPLFURELHQV3DWKRJHQ$VVRFLDWHG0ROHFXODU3DWWHUQV3$03VRXGHVGpEULV
FHOOXODLUHV 'DQJHU$VVRFLDWHG 0ROHFXODU 3DWWHUQV '$03V (OOHV SRVVqGHQW HQ
HIIHW GHV ©3DWWHUQ 5HFRJQLWLRQ 5HFHSWRUVª 355V UpFHSWHXUV FDSDEOHV GH
UHFRQQDvWUHGHV3$03VHW'$03V3DUH[HPSOH OHV&6+VH[SULPHQW OH UpFHSWHXU
7/5/¶DFWLYDWLRQGHFH UpFHSWHXUSDUXQHVWLPXODWLRQDX/36HQWUDvQH O¶DFWLYDWLRQ
GHV &6+V TXL GH TXLHVFHQWHV GHYLHQQHQW SUROLIpUDWLYHV (VSOLQ HW DO 
7DNL]DZDHWDO/LX/¶DFWLYDWLRQGHV&6+VDSUqVVWLPXODWLRQDX/36Q¶D
SDV OLHX GDQV GHV VRXULV FKLPqUHV Q¶H[SULPDQW SDV OH UpFHSWHXU 7/5 GDQV OHV
FHOOXOHV KpPDWRSRwpWLTXHV DORUV TX¶DX FRQWUDLUH HOOH VH GpURXOH QRUPDOHPHQW GDQV




/D QLFKH KpPDWRSRwpWLTXH LQWHUYLHQW pJDOHPHQW GDQV O¶DFWLYDWLRQ GHV &6+V (Q
HIIHWSOXVLHXUVpWXGHVLQGpSHQGDQWHVRQWPRQWUpTXHOHWUDLWHPHQWGHVRXULVDYHFGH
O¶,)1Ȗ HQWUDvQH XQH DFWLYDWLRQ GH OD SUROLIpUDWLRQ GHV &6+V in vivo WDQGLV TXH OH
WUDLWHPHQWDYHF ODPrPHPROpFXOHGH&6+V LVROpHV in vitroQ¶DSDVG¶HIIHWVXU OHXU














































)LJXUH   /HV DFWHXUV GH OD VLJQDOLVDWLRQ 1)ț% FKH] OHV PDPPLIqUHV
&KH] OHV PDPPLIqUHV LO H[LVWH  IDFWHXUV GH WUDQVFULSWLRQ 1)ț%  IDFWHXUV ,ț% DLQVL TXH 
SURWpLQHV ,.. IRUPDQW XQ FRPSOH[H /HV GRPDLQHV SURWpLTXHV GH FHV GLIIpUHQWV IDFWHXUV VRQW
LQGLTXpV HW OHXU QRP DOWHUQDWLI VRQW pFULWV HQWUH SDUHQWKqVHV /HV SURWpLQHV S HW S VRQW j
OD IRLV GHV IDFWHXUV ,ț% HW DSUqV PDWXUDWLRQ YLD OH SURWpDVRPH GHV IDFWHXUV GH WUDQVFULSWLRQ
1)ț%
/¶DFWLYDWLRQ GHV IDFWHXUV 1)ț% GpSHQG G¶XQH YRLH FDQRQLTXH RX G¶XQH YRLH DOWHUQDWLYH GRQW XQH
YHUVLRQ WUqV VLPSOLILpH HVW VFKpPDWLVpH j GURLWH 'DQV OD YRLH FDQRQLTXH O¶DFWLYDWLRQ G¶XQ
FRPSOH[H ,.. FRQWHQDQW OD SURWpLQH 1(02 LQGXLW OD SKRVSKRU\ODWLRQ SXLV OD GpJUDGDWLRQ SDU OH
SURWpDVRPH GH ,ț%Į FH TXL HQWUDvQH OD OLEpUDWLRQ SXLV OD IRUPDWLRQ GH GLPqUHV SS 'DQV OD
YRLH QRQ FDQRQLTXH O¶DFWLYDWLRQ GH ,..Į HVW LQGpSHQGDQWH GH 1(02 PDLV VRXV OH FRQWU{OH GH OD
NLQDVH 1,. ,..Į HW 1,. LQGXLVHQW OD SKRVSKRU\ODWLRQ SXLV OD PDWXUDWLRQ SDU FOLYDJH GH S HQ
S SHUPHWWDQW OD IRUPDWLRQ GH GLPqUHV S5HO%
$1. GRPDLQH $QN\ULQH '' GRPDLQH GH PRUW 'HDWK 'RPDLQ 5+' GRPDLQ G¶KRPRORJLH 5(/
7$' GRPDLQH WUDQVDFWLYDWHXU /= GRPDLQH /HXFLQH=LSSHU *55 UpJLRQ ULFKH HQ JO\FLQHV +/+
GRPDLQH KpOLFHERXFOHKpOLFH = GRPDLQH j GRLJWV GH ]LQF && GRPDLQH FRLOHGFRLO 1%'
GRPDLQH G¶LQWpUDFWLRQ j 1(02 3(67 GRPDLQH ULFKH HQ SUROLQHV DFLGHV JOXWDPLTXHV VpULQHV HW
WKUpRQLQHV
DGDSWp GH +D\GHQ DQG *RVK 

,QWURGXFWLRQ
DX[ &6+V TXL j FH MRXU UHVWHQW j rWUH LGHQWLILpV /LEUHJWV HW 1ROWH SURSRVHQW XQ
PRGqOH GH UpJXODWLRQ GLW ©GHV WURLV VLJQDX[ª SRXU GpFULUH OHV PpFDQLVPHV
SHUPHWWDQW O¶DFWLYDWLRQHW ODPRELOLVDWLRQGHV&6+V )LJXUH /LEUHJWVDQG1ROWH
6HORQFHPRGqOHOHV&6+VYRQWWRXWG¶DERUGGpWHFWHUGHV3$03VHW'$03V
GH IDoRQ GLUHFWH VLJQDO  SXLV OHXU FRVWLPXODWLRQ SDU FRQWDFW DYHF GHV FHOOXOHV
LPPXQLWDLUHV DFWLYpHV VLJQDO  DLQVL TXH OD GpWHFWLRQ GH F\WRNLQHV SUR
LQIODPPDWRLUHVpPLVHVjODIRLVSDUOHVFHOOXOHVGHODQLFKHHWUHoXHVGHODFLUFXODWLRQ





/D IDPLOOH GHV IDFWHXUV GH WUDQVFULSWLRQ GH W\SH ©1XFOHDU )DFWRU ț%ª 1)ț%
FRPSRUWHFLQTPHPEUHVFKH] OHVPDPPLIqUHVTXL LQWHUYLHQQHQWj OD IRLVGDQVGHV
SURFHVVXVSK\VLRORJLTXHVHWSDWKRORJLTXHV+D\GHQDQG*KRVK8QHYRLHGH
VLJQDOLVDWLRQFDQRQLTXHSHUPHW OHXUDFWLYDWLRQ'DQVFHWWHYRLH ODSURWpLQH ,QKLELWRU
RI1)ț% ,ț% VpTXHVWUH OHV IDFWHXUVGH WUDQVFULSWLRQ1)ț%GDQV OH F\WRSODVPHHQ
DEVHQFH GH VWLPXODWLRQ 6XLWH j XQ VWLPXOXV SDU H[HPSOH OD GpWHFWLRQ G¶XQ PRWLI
PLFURELHQ ,ț% HVW SKRVSKRU\OpH SDU OH FRPSOH[H ,ț% .LQDVH ,.. FRPSRVp GHV
SURWpLQHV,..Į ,..ȕHW1(02,ț%SKRVSKRU\OpHHVWGpJUDGpHSDU OHSURWpDVRPH
SHUPHWWDQW OD OLEpUDWLRQGHVIDFWHXUVGHWUDQVFULSWLRQ1)ț%TXLSHXYHQWDORUVHQWUHU
GDQV OH QR\DX HW DFWLYHU VRXV IRUPH GH GLPqUHV OD WUDQVFULSWLRQ GH OHXUV JqQHV
FLEOHV /HV SURFHVVXV DERXWLVVDQW j O¶DFWLYDWLRQ GHV 1)ț% VRQW FRPSOH[HV FDU LO
H[LVWH KXLW IDFWHXUV ,ț% GLIIpUHQWV FKH] OHV PDPPLIqUHV HW TXH GHV YRLHV GH
VLJQDOLVDWLRQ DXWUHV TXH OD YRLH FDQRQLTXH SHXYHQW pJDOHPHQW DERXWLU j OHXU
DFWLYDWLRQ 'H SOXV GH QRPEUHXVHV SURWpLQHV GH UpJXODWLRQ LQWHUYLHQQHQW SRXU
PRGXOHU ODVLJQDOLVDWLRQ1)ț% )LJXUH *KRVKDQG+D\GHQ+D\GHQDQG
*KRVK/HVIDFWHXUV1)ț%MRXHQWXQU{OHHVVHQWLHOGDQVOHGpFOHQFKHPHQWGH
ODUpSRQVHLPPXQLWDLUHLQQpHHWDGDSWDWLYH3DUH[HPSOHO¶DFWLYDWLRQGHV/7VVXLWHj
XQH VWLPXODWLRQ GH OHXU 7&5 HVW GpSHQGDQWH GH O¶DFWLYLWp GX IDFWHXU 1)ț% S
%DQHUMHH HW DO  /¶DFWLYDWLRQ GHV 1)ț% HVW HQ SDUWLFXOLHU FUXFLDOH GDQV OD


























7/5 HVSqFH ORFDOLVDWLRQ OLJDQGVPLFURELHQV
7/5 KXPDLQHWVRXULV PHPEUDQHSODVPLTXH WU\DFLOOLSRSURWpLQHV
7/5 KXPDLQHWVRXULV PHPEUDQHSODVPLTXH OLSRSURWpLQHV]\PRVDQPDQQDQ
SHSWLGRJO\FDQDFLGH
OLSRWHLFKRLTXH




7/5 KXPDLQHWVRXULV PHPEUDQHSODVPLTXH IODJHOOLQH
7/5 KXPDLQHWVRXULV PHPEUDQHSODVPLTXH GLDF\OOLSRSURWpLQHV]\PRVDQ
DFLGHOLSRWHLFKRLTXH
7/5 KXPDLQHWVRXULV HQGRVRPHV $51VEYLUDOHWEDFWpULHQ





7/5 KXPDLQ PHPEUDQHSODVPLTXH LQFRQQX
7/5 VRXULV HQGRVRPHV SURILOLQHHWIODJHOOLQH
7/5 VRXULV HQGRVRPHV SURILOLQH
7/5 VRXULV HQGRVRPHV $51ULERVRPDOVEDFWHULHQ
)LJXUH   $FWLYDWLRQ HW VLJQDOLVDWLRQ GHV 7/5V
$ $FWLYDWLRQ ORFDOLVDWLRQ VXEFHOOXODLUH HW OLJDQGV GHV 7/5V  7/5V RQW pWp LGHQWLILpV FKH]
O¶KXPDLQ HW  FKH] OD VRXULV ,OV VRQW ORFDOLVpV VXU OD PHPEUDQH SODVPLTXH HWRX VXU OD PHPEUDQH
GHV HQGRVRPHV /HV 7/5V VRQW DFWLYpV VXLWH j OD GpWHFWLRQ GH PRWLIV PLFURELHQV LQGLTXpV GDQV OD
FRORQQH GH GURLWH
% 6LJQDOLVDWLRQ GHV 7/5V SOXVLHXUV YRLHV GH VLJQDOLVDWLRQ HW IDFWHXUV GH WUDQVFULSWLRQ SHXYHQW rWUH
DFWLYpV VXLWH j OD GpWHFWLRQ G¶XQ OLJDQG SDU OHV 7/5V /HV FDVFDGHV GH VLJQDOLVDWLRQ HQ DYDO GHV
7/5V   HW  VRQW LFL XWLOLVpHV FRPPH H[HPSOH /¶DFWLYDWLRQ GHV 7/5  SUpVHQWV j OD PHPEUDQH
SODVPLTXH RX GHV 7/5 SUpVHQWV GDQV OHV HQGRVRPHV FRQGXLW DX UHFUXWHPHQW GH OD SURWpLQH
DGDSWDWULFH 0\G SXLV j O¶DFWLYDWLRQ GHV YRLHV GH VLJQDOLVDWLRQ 1)ț% HWRX 0$3. /HV IDFWHXUV
GH WUDQVFULSWLRQ LPSOLTXpV GDQV FHV YRLHV 1)ț% SRXU OD YRLH 1)ț% HW &5(% HW $3 SRXU OD YRLH
0$3. FRQWU{OHQW OD WUDQVFULSWLRQ GH JqQHV FRGDQW SRXU GHV F\WRNLQHV SURLQIODPPDWRLUHV
/¶DFWLYDWLRQ GH 7/5 DX QLYHDX GHV HQGRVRPHV FRQGXLW WRXW FRPPH O¶DFWLYDWLRQ GH 7/5 DX
UHFUXWHPHQW G¶XQH DXWUH SURWpLQH DGDSWDWULFH DSSHOpH 75,) SXLV j O¶DFWLYDWLRQ GHV IDFWHXUV GH
WUDQVFULSWLRQ GH W\SH ,5) TXL FRQWU{OHQW OD SURGXFWLRQ GHV LQWHUIpURQV GH W\SH 





F\WRNLQHV SURLQIODPPDWRLUHV pWDQW VRXV OH FRQWU{OH GLUHFW GHV 1)ț% *KRVK DQG
+D\GHQ  /¶LQIODPPDWLRQ HVW XQH SURGXFWLRQ GH VLJQDX[ PROpFXODLUHV TXL
SHUPHW OH UHFUXWHPHQW GHV FHOOXOHV LPPXQLWDLUHV DX QLYHDX GX VLWH LQIHFWLHX[ HW
FRQGXLW j GHV FKDQJHPHQWV FDUDFWpULVWLTXHV GH O¶KRPpRVWDVLH GX WLVVX FKDOHXU
URXJHXUGRXOHXUHWJRQIOHPHQW+D\GHQDQG*KRVK
'LIIpUHQWV VWLPXOL SHXYHQW DFWLYHU OD YRLH GH VLJQDOLVDWLRQ 1)ț% &¶HVW HQ
SDUWLFXOLHU OH FDV ORUV GH OD GpWHFWLRQ GH PRWLIV PLFURELHQV SDU OHV ©7ROO /LNH
5HFHSWRUVª 7/5V /HV 7/5V FRQVWLWXHQW OD SUHPLqUH IDPLOOH GH 355V LGHQWLILpH
FKH]OHVPDPPLIqUHVFRPSRVpHGHPHPEUHVFKH]O¶KXPDLQHWFKH]ODVRXULV
)LJXUH'H1DUGR&HVSURWpLQHVWUDQVPHPEUDQDLUHV ORFDOLVpHVVRLWDX
QLYHDX GH ODPHPEUDQH SODVPLTXH VRLW DX QLYHDX GHV HQGRVRPHV DJLVVHQW VRXV
IRUPHG¶KRPRRXG¶KpWpURGLPqUHV/RUVTX¶LOVVRQWDFWLYpVjODVXLWHGHODIL[DWLRQGH
OHXU OLJDQG FHUWDLQV 7/5V UHFUXWHQW YLD OHXU GRPDLQH LQWUDFHOOXODLUH OD SURWpLQH
DGDSWDWULFH0\GTXLYDUHFUXWHUHWDFWLYHUOHFRPSOH[H,..HWDLQVLODYRLH1)ț%
%XUQV HW DO  1pDQPRLQV O¶DFWLYDWLRQ GHV 7/5V QH FRQGXLW SDV WRXMRXUV j
O¶DFWLYDWLRQGHV IDFWHXUVGH WUDQVFULSWLRQ1)ț%'¶DXWUHV7/5V RXDORUV OHVPrPHV







SODVPLTXH DORUV TXH G¶DXWUHV VRQW ORFDOLVpV DX QLYHDX GHV HQGRVRPHV /HH DQG
%DUWRQ  /¶DGUHVVDJH GH FHV SURWpLQHV FRQWU{Op SDU OD YRLH FODVVLTXH
G¶H[RF\WRVH SDVVDQW SDU OH UpWLFXOXP HQGRSODVPLTXH O¶DSSDUHLO GH *ROJL SXLV OHV
HQGRVRPHVHVWFUXFLDOSRXUSHUPHWWUH ODIRQFWLRQFRUUHFWHGHV7/5V3DUH[HPSOH









IRQFWLRQGX IDFWHXU1)ț%SXQH IRUWH UpGXFWLRQGH ODSURGXFWLRQGHQHXWURSKLOHV
LQGXLWH SDU XQ WUDLWHPHQW *&6) HVW REVHUYpH LQGLTXDQW XQ U{OH GH S GDQV OD
UpJXODWLRQ GH O¶KpPDWRSRwqVH VXLWH j XQ VWUHVV :DQJ HW DO  /HV DXWHXUV
PRQWUHQWTXHSDJLWHQFRRSpUDWLRQDYHF OH IDFWHXUGHWUDQVFULSWLRQ&(%3ȕSRXU
DFWLYHU OD SURGXFWLRQ GH PpGLDWHXUV GH O¶LQIODPPDWLRQ TXL VRQW QpFHVVDLUHV j OD
PRELOLVDWLRQGHV&6+VHWjOHXUGLIIpUHQFLDWLRQYHUVOHOLJQDJHQHXWURSKLOH'DQVXQH
DXWUH pWXGH XQ UpJXODWHXU QpJDWLI GHV IDFWHXUV 1)ț% DJLVVDQW FRPPH
GpXELTXLWLQ\ODVH OD SURWpLQH $ D pWp GpFULW FRPPH HVVHQWLHO DX FRQWU{OH GH
O¶KpPDWRSRwqVH1DJDPDFKLHWDO/H.2FRQGLWLRQQHOGH$GDQVOHV&6+V
HQWUDvQHHQHIIHW XQHSUROLIpUDWLRQ DQRUPDOH GHV FHOOXOHV GX OLJQDJHP\pORwGHDLQVL
TX¶XQHVXUSURGXFWLRQGHF\WRNLQHVSURLQIODPPDWRLUHV&HVGpIDXWV VRQWSURYRTXpV
SDU XQH DXJPHQWDWLRQ GX WDX[ GH SUROLIpUDWLRQ GHV &6+V TXL SHUGHQW DORUV OHXU
FDSDFLWpjUHSHXSOHUODPRsOOHRVVHXVHG¶XQHVRXULVLUUDGLpH/HVDXWHXUVVXJJqUHQW
TXH OHV IDFWHXUV1)ț% SRXUUDLHQW LQWHUYHQLU ORUV G¶XQ VWUHVV LPPXQ SRXU SHUPHWWUH
O¶DFWLYDWLRQHW ODPRELOLVDWLRQGHV&6+VHWTX¶LOVVRQWUpSULPpVSDU$HQFRQWH[WH
©QRUPDOª /HV IDFWHXUV1)ț% MRXHQW GRQF XQ U{OH GDQV O¶DFWLYDWLRQ GHV&6+V HQ
UpSRQVH j XQ VWUHVV LPPXQLWDLUH QRWDPPHQW SDU OD SURGXFWLRQ GH F\WRNLQHV SUR
LQIODPPDWRLUHVQpFHVVDLUHVj OHXU UHFUXWHPHQW&HSHQGDQW ODTXHVWLRQGX U{OHGHV
1)ț% GDQV OHV FHOOXOHV GH OD QLFKH KpPDWRSRwpWLTXH SRXU OH FRQWU{OH GH
O¶KpPDWRSRwqVHSK\VLRORJLTXHRXVXLWHjXQHLQIHFWLRQQ¶DSDVpWpDGUHVVpH
/HV 7/5V LQWHUYLHQQHQW pJDOHPHQW GDQV OH FRQWU{OH GHV FKDQJHPHQWV
KpPDWRSRwpWLTXHV IDLVDQW VXLWH j XQ VWUHVV LPPXQ 2XWUH OHXU U{OH FHOOXODLUH
DXWRQRPHGDQVO¶DFWLYDWLRQGHV&6+VVXLWHjXQHVWLPXODWLRQDX/36FILQWURGXFWLRQ
,,$D SOXVLHXUV SXEOLFDWLRQV VXJJqUHQW TXH OHV 7/5V VRQW DFWLYpV GDQV OHV
FHOOXOHV GH OD QLFKH KpPDWRSRwpWLTXH SRXU SHUPHWWUH O¶DFWLYDWLRQ GHV &6+V DSUqV








GX OLJQDJH P\pORwGHV %RHWWFKHU HW DO  (QILQ XQH LQIHFWLRQ EDFWpULHQQH
SURYRTXH OD VRUWLH GH OD PRsOOH RVVHXVH GH QRPEUHX[ PRQRF\WHV &H SURFHVVXV
QpFHVVLWH OD GpWHFWLRQ SDU OHV PRQRF\WHV SUpVHQWV GDQV OD PRsOOH RVVHXVH G¶XQ
OLJDQGDSSHOp0RQRF\WH&KHPRWDFWLF3URWHLQ0&3HWSURGXLWSDU OHV&60VHW
OHV &$5V GHX[ W\SHV FHOOXODLUHV FRPSRVDQW OD QLFKH KpPDWRSRwpWLTXH 6KL HW DO
/DSURGXFWLRQGH0&3HVWGpSHQGDQWHGH ODGpWHFWLRQSDUFHVFHOOXOHVGH
OLJDQGVGHV7/5VVXJJpUDQWjQRXYHDXXQU{OHGHV7/5VGDQVFHUWDLQHVFHOOXOHVGH


























)LJXUH   /D UpJXODWLRQ GH O¶KRPpRVWDVLH GH OD */
&RQWU{OH QRQ FHOOXODLUH DXWRQRPH GH O¶KRPpRVWDVLH GH OD */ OH OLJDQG +K SURGXLW SDU OH
36& DFWLYH OD YRLH +K HW VRQ IDFWHXU GH WUDQVFULSWLRQ HIIHFWHXU &L GDQV OD =0 /¶DFWLYLWp GH &L HVW
QpFHVVDLUH GDQV OD =0 DX PDLQWLHQ GH O¶pWDW SURJpQLWHXU GHV SURKpPRF\WHV /H 36& SURGXLW
pJDOHPHQW OH OLJDQG 3YI TXL GLIIXVH MXVTX¶DX[ FHOOXOHV GH OD =& R LO VH OLH j VRQ UpFHSWHXU 3YU
/¶DFWLYLWp GH OD YRLH 3YI3YU GDQV OD =& HQWUDLQH O¶H[SUHVVLRQ GH OD GpDPLQDVH $GJI$ YLD 67$7
$GJI$ LQKLEH GDQV OD =0 O¶$GpQRVLQH /¶$GpQRVLQH HVW XQH KRUPRQH GRQW OD OLDLVRQ VXU VRQ
UpFHSWHXU GDQV OD =0 FRQGXLW j O¶LQKLELWLRQ GX IDFWHXU GH WUDQVFULSWLRQ &L 3DU OH FRQWU{OH GH
O¶H[SUHVVLRQ GH &L OD YRLH 3YI3YU FRQWU{OH O¶pTXLOLEUH HQWUH PDLQWLHQ HW GLIIpUHQFLDWLRQ GHV
SURKpPRF\WHV
&RQWU{OH FHOOXODLUH DXWRQRPH GH O¶KRPpRVWDVLH GH OD */ OHV YRLHV GH VLJQDOLVDWLRQ
-$.67$7 )*))*)5 HW :J VRQW UHTXLVHV GDQV OHV SURJpQLWHXUV KpPDWRSRwpWLTXHV SRXU OH
FRQWU{OH GH OHXU PDLQWLHQ YHUVXV GLIIpUHQFLDWLRQ /H QLYHDX GH 526 DLQVL TXH OHV JqQHV col trol
zfrp8 heix HW asrij VRQW pJDOHPHQW LPSOLTXpV GDQV OH FRQWU{OH GH O¶KRPpRVWDVLH GH OD */
&RQWU{OH GH OD WDLOOH GX 36& /H FRQWU{OH GX QRPEUH GH FHOOXOHV GX 36& HVW QpFHVVDLUH DX
PDLQWLHQ GH O¶KRPpRVWDVLH GH OD */ /HV YRLHV GH VLJQDOLVDWLRQ :J 'SS ,QV725 DLQVL TXH OH
PL$51 bantam HW OD SURWpLQH %DP VRQW LPSOLTXpV GDQV OD UpJXODWLRQ GH OD SUROLIpUDWLRQ GHV
FHOOXOHV GX 36&



















(Q GHX[pWXGHV LQGpSHQGDQWHVRQW SURSRVpTXH OH36& MRXHXQ U{OH FOp
GDQV OH FRQWU{OH GH O¶KRPpRVWDVLH GH OD */ HQ UpJXODQW OH PDLQWLHQ HW OD
GLIIpUHQFLDWLRQGHVSURJpQLWHXUVKpPDWRSRwpWLTXHVGH OD=0 .U]HPLHĔHWDO
0DQGDO HW DO  /H 36& DXUDLW GRQF XQ U{OH VLPLODLUH j FHOXL GH ODQLFKH
KpPDWRSRwpWLTXHGpFULWHGDQVODPRsOOHRVVHXVHFKH]OHVPDPPLIqUHVDGXOWHV/¶XQH
GH FHV pWXGHV DPLV HQ pYLGHQFH OH U{OH GH OD YRLH +K 0DQGDO HW DO  /H
PRUSKRJqQH+KOLJDQGGHODYRLHHVWH[SULPpGDQVOH36&WDQGLVTXHOHIDFWHXUGH










VWDGH HPEU\RQQDLUH &H GpIDXW FRUUqOH DX VWDGH ODUYDLUH DYHF XQH GLIIpUHQFLDWLRQ
PDVVLYHGHVSURJpQLWHXUVKpPDWRSRwpWLTXHVGHOD=0HQSODVPDWRF\WHVHWFHOOXOHVj
FULVWDX[ ,O D GRQF pWp SURSRVp TXH OH PDLQWLHQ G¶XQ SRRO GH SURJpQLWHXUV
KpPDWRSRwpWLTXHV LQGLIIpUHQFLpV GDQV OD */ HVW FRPSURPLV HQ DEVHQFH GH 36&
&HSHQGDQW HQ SOXV GH VRQ H[SUHVVLRQ j KDXW QLYHDX GDQV OH 36& &RO HVW DXVVL
H[SULPpjSOXVIDLEOHQLYHDXGDQVOD=0,ODUpFHPPHQWpWpPRQWUpTXHO¶LQDFWLYDWLRQ





O¶H[SUHVVLRQ GH PDUTXHXUV GHV SURJpQLWHXUV KpPDWRSRwpWLTXHV &HSHQGDQW HOOH
FRQGXLW j XQ GpIDXW GH GLIIpUHQFLDWLRQ GDQV OD =& 'HV GpIDXWV VLPLODLUHV VRQW
REVHUYpVVXLWHjO¶LQDFWLYDWLRQVSpFLILTXHGH+KGDQVOH36&7RNXVXPLHWDO
&HV GRQQpHV VXJJqUHQW GRQF TXH OH 36& D XQH IRQFWLRQ SOXV PRGpUpH
TX¶LQLWLDOHPHQW SURSRVp HQ FRQWULEXDQW DX FRQWU{OH GH O¶pTXLOLEUH HQWUH FHOOXOHV
SURJpQLWULFHV HW FHOOXOHV GLIIpUHQFLpHV SOXW{W TX¶HQ SHUPHWWDQW OH PDLQWLHQ GHV
SURJpQLWHXUVGHOD=0
&HSHQGDQW LO HVW j QRWHU TX¶XQH DXJPHQWDWLRQ GX QRPEUH GH FHOOXOHV GX 36&
HQWUDLQHXQFKDQJHPHQWGHO¶KRPpRVWDVLHGHOD*/3HQQHWLHUHWDO6LQHQNR
HW DO  7RNXVXPL HW DO  'LIIpUHQWV JqQHV HW YRLHV GH VLJQDOLVDWLRQ
LQWHUYLHQQHQWSRXUFRQWU{OHU ODSUROLIpUDWLRQGHVFHOOXOHVGX36&HWGRQF OHQRPEUH
GH FHOOXOHV OH FRPSRVDQW )LJXUH  3DUPL HX[ OH OLJDQG :LQJOHVV:J HW OH
UpFHSWHXU')UL]]OHG')]OGHODYRLH:JVRQWH[SULPpVGDQVOH36&6LQHQNRHW
DO /D VXUH[SUHVVLRQGH:JGDQV OH36&FRQGXLW j XQH DXJPHQWDWLRQ G¶XQ
IDFWHXU  GX QRPEUH GH FHOOXOHV GX 36& $ O¶LQYHUVH O¶H[SUHVVLRQ G¶XQH IRUPH
GRPLQDQWHQpJDWLYHGHdfz2GDQVOH36&FRQGXLWjXQHGLPLQXWLRQGHPRLWLpGHOHXU
QRPEUH /D YRLH 'HFDSHQWDSOHJLF 'SS HVW HOOH DXVVL UHTXLVH GDQV OH 36& SRXU
UpJXOHU ODSUROLIpUDWLRQGHFHVFHOOXOHV/DSHUWHGH IRQFWLRQGH ODYRLH'SSGDQV OH
36& HQWUDLQH XQH DXJPHQWDWLRQ G¶XQ IDFWHXU  GX QRPEUH GH FHOOXOHV TXL OH
FRPSRVHQW/HFRQWU{OHGHODSUROLIpUDWLRQGHVFHOOXOHVGX36&SDUODYRLH'SSSDVVH
SDU OD UpJXODWLRQGH O¶H[SUHVVLRQGXSURWRRQFRJqQHd-myc 3HQQHWLHUHWDO
/DYRLHGHVLJQDOLVDWLRQ,QVXOLQH7DUJHWRI5DSDP\FLQ,QV725LQWHUYLHQWpJDOHPHQW
GDQVOHFRQWU{OHGXQRPEUHGHFHOOXOHVGX36&FILQWURGXFWLRQ,,%%HQPLPRXQ
HW DO  6KLP HW DO  7RNXVXPL HW DO &¶HVW pJDOHPHQW OH FDV GX
PLFUR$51bantamDLQVLTXHGH ODSURWpLQH%DJRI0DUEOH %DPTXL LQWHUDJLVVHQW






















/H FRQWU{OH LQWULQVqTXH GH O¶KRPpRVWDVLH GH OD */ SDU OHV =RQHV
0pGXOODLUHHW&RUWLFDOH=0HW=&
3OXVLHXUV YRLHV GH VLJQDOLVDWLRQ VRQW LPSOLTXpHV GH IDoRQ FHOOXODLUHDXWRQRPH
GDQV OH FRQWU{OH GH O¶pTXLOLEUH HQWUH PDLQWLHQ HW GLIIpUHQFLDWLRQ GHV SURJpQLWHXUV
KpPDWRSRwpWLTXHV GH OD =0 &¶HVW OH FDV GH OD YRLH :J GRQW O¶DFWLYDWLRQ HVW
QpFHVVDLUHGDQVOD=0DXPDLQWLHQGHO¶KRPpRVWDVLHGHOD*/6LQHQNRHWDO
/D YRLH -$.67$7 FRQWU{OH pJDOHPHQW O¶KRPpRVWDVLH GH OD */ (Q HIIHW GDQV XQ
PXWDQWQXOSRXUOHIDFWHXUGHWUDQVFULSWLRQGHFHWWHYRLHGHVLJQDOLVDWLRQ6WDWXQH
GLIIpUHQFLDWLRQH[FHVVLYHHVWREVHUYpHGDQV OD*/ VXJJpUDQWXQ U{OHGHFHWWHYRLH
GDQV OH PDLQWLHQ GHV SURJpQLWHXUV KpPDWRSRwpWLTXHV .U]HPLHQ HW DO  3DU
JpQpUDWLRQGHFORQHVPXWDQWVGDQVOD*/0RQGDOHWFRORQWPRQWUpTXHFHWWH
YRLHGHVLJQDOLVDWLRQQ¶HVWSDVUHTXLVHGDQVOHVSURJpQLWHXUVKpPDWRSRwpWLTXHVGHOD
=0 3DU FRQWUH 6WDW HVW QpFHVVDLUH GDQV OHV FHOOXOHV GH OD =& SRXU LQKLEHU OD
GLIIpUHQFLDWLRQ GHV SODVPDWRF\WHV 0RQGDO HW DO  /D YRLH )*))*)5
)LEUREODVW *URZWK )DFWRU  )LEUREODVW *URZWK )DFWRU 5HFHSWRU HVW TXDQW j HOOH
UHTXLVHGDQVOD=0jODGLIIpUHQFLDWLRQGHVSURKpPRF\WHV(QHIIHWO¶DFWLYDWLRQGDQV
OD =0 GX UpFHSWHXU +HDUWOHVV KRPRORJXH GH )*)5 FKH] OHV YHUWpEUpV LQGXLW OD
GLIIpUHQFLDWLRQ GHV SODVPDWRF\WHV HW FHOOXOHV j FULVWDX[ /¶H[SUHVVLRQ GH +HDUWOHVV
GDQV OD =0 HVW GpSHQGDQWH GH O¶+pSDUDQ6XOIDWH 3URWpRJO\FDQ 7HUULEO\ 5HGXFHG
2SWLF/REHV7URO'UDJRMORYLF0XQWKHUDQG0DUWLQH]$JRVWR'DQVXQPXWDQW
QXO trol ODVWUXFWXUHGHODPDWULFHH[WUDFHOOXODLUHHQWRXUDQW OD*/HVWPRGLILpHHWRQ
REVHUYH XQH GLPLQXWLRQ GH OD SUROLIpUDWLRQ GHV FHOOXOHV GH OD =0 DLQVL TX¶XQH
DXJPHQWDWLRQ GX QRPEUHV G¶KpPRF\WHV GLIIpUHQFLpV *ULJRULDQ HW DO  &HFL
VXJJqUH TXH OD PDWULFH H[WUDFHOOXODLUH HVW LPSOLTXpH GDQV OH FRQWU{OH GH
O¶KRPpRVWDVLH GH OD */ /¶KRPpRVWDVLH GH OD */ HVW pJDOHPHQW DOWpUpH GDQV OHV
PXWDQWV QXOV SRXU OHV JqQHV zinc finger protein rp8 zfrp8 heixuedian heix RX
HQFRUHasrijpWDEOLVVDQWTXHFHVJqQHVVRQWUHTXLVGDQVOHFRQWU{OHGHO¶KRPpRVWDVLH
GHO¶RUJDQHKpPDWRSRwpWLTXH.XONDUQLHWDO0LQDNKLQDHWDO;LDHWDO
 (Q SDUWLFXOLHU OH JqQH asrij FRGH SRXU XQH SURWpLQH LPSOLTXpH GDQV
O¶HQGRF\WRVH HW FRQWU{OH OD GLIIpUHQFLDWLRQ GHV FHOOXOHV j FULVWDX[ HQ UpJXODQW OH





(QILQ OH QLYHDX GH 526 SUpVHQW GDQV OD =0 HVW LPSOLTXp GDQV OH FRQWU{OH GH
O¶KRPpRVWDVLHGHOD*/2ZXVX$QVDKDQG%DQHUMHH(QHIIHWXQKDXWQLYHDX
GH 526 HVW REVHUYp GDQV OD =0 SDU FRPSDUDLVRQ DYHF OD =& HW OH 36& HW
QpFHVVDLUH GDQV OHV SURJpQLWHXUV KpPDWRSRwpWLTXHV SRXU SHUPHWWUH OHXU
GLIIpUHQFLDWLRQ
/HPDLQWLHQGHO¶KRPpRVWDVLHGHOD*/HVWpJDOHPHQWFRQWU{OpSDUOD=&(QHIIHW
O¶DFWLYLWp GH 67$7 HVW UHTXLVH GH IDoRQ FHOOXODLUHDXWRQRPH SRXU SHUPHWWUH OD
GLIIpUHQFLDWLRQGHVSODVPDWRF\WHV0LQDNKLQDHWDO'HSOXV OH OLJDQG3'*)
DQG9(*)UHODWHG IDFWRU 3YIHVWH[SULPpSDU OH36& WDQGLVTXHVRQUpFHSWHXU
3'*)DQG9(*)UHODWHGUHFHSWRU3YUHVWSUpVHQWHQWUHDXWUHVGDQVOD=&0RQGDO
HW DO  /HV SURWpLQHV 1XFOpRSRULQH  1XS  HW %ULF j EUDF LQWHUDFWLQJ
SURWHLQ  %LS VRQW WRXWHV GHX[ QpFHVVDLUHV j O¶H[SUHVVLRQ GH 3YU GDQV OD =&
0RQGDO HW DO  /D OLDLVRQ 3YI3YU GDQV OD =& FRQWU{OH O¶H[SUHVVLRQ G¶XQH
GpDPLQDVHDSSHOpH$GHQRVLQH*URZWK)DFWRU$$GJ)$YLD O¶DFWLYDWLRQGH67$7
$GJ)$ LQKLEH OD FRQFHQWUDWLRQ H[WUDFHOOXODLUH GH O¶$GpQRVLQH GDQV OD =0 HW DJLW
FRPPH UpJXODWHXU QpJDWLI GH OD GLIIpUHQFLDWLRQ GHV SURKpPRF\WHV 0RQGDO HW DO
 /D IL[DWLRQ GH O¶$GpQRVLQH VXU VRQ UpFHSWHXU GDQV OD =0 FRQGXLUDLW j
O¶LQKLELWLRQGXIDFWHXUGHWUDQVFULSWLRQGHODYRLH+K&LSURSRVpFRPPHFUXFLDOGDQV
OHPDLQWLHQGHVSURJpQLWHXUVKpPDWRSRwpWLTXHVGDQVXQpWDWLQGLIIpUHQFLp0DQGDOHW
DO$LQVL O¶DFWLYLWpGH ODYRLH3YI3YU IDLW LQWHUYHQLU OHVWURLV]RQHVGH OD*/








)LJXUH   /HV DFWHXUV H[WULQVqTXHV GX FRQWU{OH GH O¶KRPpRVWDVLH GH OD */
/¶ROIDFWLRQ LQIOXHQFH O¶KRPpRVWDVLH GH OD */ VXLWH j GHV VWLPXOL RGRUDQWV GHV QHXURQHV SUpVHQWV
GDQV OH FHUYHDX VpFUqWHQW GX *$%$ GDQV O¶KpPRO\PSKH /D OLDLVRQ GH *$%$ VXU OHV UpFHSWHXUV
*$%$% SUpVHQWV GDQV OD =0 HQWUDvQH OD SURGXFWLRQ GH FDOFLXP F\WRVROLTXH 8Q QLYHDX pOHYp GHFDOFLXP GDQV OHV SURKpPRF\WHV HVW QpFHVVDLUH DX PDLQWLHQ GH OHXU pWDW SURJpQLWHXU G¶DSUqV 6KLP
HW DO 
/D QXWULWLRQ FRQWU{OH O¶KRPpRVWDVLH GH OD */ OH FHUYHDX GH OD ODUYH SURGXLW GHV SHSWLGHV
pTXLYDOHQWV j O¶LQVXOLQH GHV YHUWpEUpV OHV 'LOSV VHORQ O¶pWDW QXWULWLRQQHO GH O¶DQLPDO /D SURGXFWLRQ GH
'LOSV SDU OH FHUYHDX GpSHQG GH OD GpWHFWLRQ G¶DFLGH DPLQpV SDU OH FRUSV JUDV 'DQV OD */ OD OLDLVRQ
GHV 'LOSV VXU OHXU UpFHSWHXU ,QV5 DFWLYH OD YRLH GH VLJQDOLVDWLRQ ,QVXOLQH7DUJHW 2I 5DSDP\FLQH
,QV725 GDQV OD =0 HW OH 36& 'DQV OH 36& OD YRLH ,QV725 HVW LPSOLTXpH GDQV OH FRQWU{OH GH OD
SUROLIpUDWLRQ GHV FHOOXOHV HW GRQF GH OD WDLOOH GX 36& 'DQV OD =0 HOOH HVW UHTXLVH DX FRQWU{OH GH
O¶pTXLOLEUH HQWUH PDLQWLHQ HW GLIIpUHQFLDWLRQ GHV SURKpPRF\WHV 'HV DFLGHV DPLQpV SRXUUDLHQW
pJDOHPHQW rWUH GpWHFWpV GLUHFWHPHQW SDU OHV SURKpPRF\WHV YLD OH UpFHSWHXU 6OLPIDVW 6OLI G¶DSUqV
%HQPLPRXQ HW DO   'UDJRMORYLF0XQWKHU DQG 0DUWLQH]$JRVWR   6KLP HW DO  






















/¶KRPpRVWDVLH GH O¶RUJDQH KpPDWRSRwpWLTXH HVW pJDOHPHQW GpSHQGDQWH GH
IDFWHXUVH[WHUQHVjFHOXLFL )LJXUH (QSDUWLFXOLHU O¶pWDWQXWULWLRQQHOGH OD ODUYH
LQIOXHQFHO¶KRPpRVWDVLHGH OD*/(QHIIHWXQHSULYDWLRQGHQRXUULWXUHSHQGDQW+
LQGXLW XQH DXJPHQWDWLRQ GH OD GLIIpUHQFLDWLRQ GHV SURJpQLWHXUV KpPDWRSRwpWLTXHV
GDQV OD */ %HQPLPRXQ HW DO  'UDJRMORYLF0XQWKHU DQG 0DUWLQH]$JRVWR
 6KLP HW DO  /D VpFUpWLRQ GH SHSWLGHV pTXLYDOHQWV j O¶LQVXOLQH FKH] OD
GURVRSKLOH OHV 'URVRSKLOD LQVXOLQOLNH SHSWLGV 'LOSV SDU GHV QHXURQHV DSSHOpV
,QVXOLQ3URGXFLQJ &HOOV ,3&V SUpVHQWV GDQV OH FHUYHDX HVW GpSHQGDQWH GH O¶pWDW
QXWULWLRQQHO GHV ODUYHV &RORPEDQL HW DO  'DQV OD */ OH 36& HW OD =0
H[SULPHQWGHVUpFHSWHXUVjO¶LQVXOLQH,QV5FDSDEOHVGHOLHUOHV'LOSVSURGXLWVSDUOH
FHUYHDX%HQPLPRXQHWDO'UDJRMORYLF0XQWKHUDQG0DUWLQH]$JRVWR





GX FHQWUH GH VLJQDOLVDWLRQ SUpVHQW GDQV OD*/ 'DQV OD =0 O¶DFWLYDWLRQ GH OD YRLH








pJDOHPHQW rWUH GLUHFWHPHQW GpWHFWpV SDU OHV SURJpQLWHXUV KpPDWRSRwpWLTXHV GH OD
=0YLD OH UpFHSWHXU6OLI 6KLPHWDO&HWWHGHUQLqUHGRQQpHHVWQpDQPRLQV
FRQWURYHUVpHFDUGHX[pWXGHV LQGpSHQGDQWHVRQWDQDO\Vp O¶HIIHWG¶XQH LQKLELWLRQGH
slif GDQV OD =0 HW RQW REWHQX GHV UpVXOWDWV GLIIpUHQWV SRXU 6KLP HW FRO 
O¶LQKLELWLRQ GHslif GDQV OD=0FRQGXLW j XQHDXJPHQWDWLRQGH OD GLIIpUHQFLDWLRQGHV
SURKpPRF\WHVWDQGLVTX¶HOOHQ¶DIIHFWHSDVO¶KRPpRVWDVLHGHOD*/SRXU%HQPLPRXQ
HW FRO  $LQVL OD QXWULWLRQ FRQWU{OH OH PDLQWLHQOD GLIIpUHQFLDWLRQ GHV

,QWURGXFWLRQ
SURKpPRF\WHV GH OD */ GH IDoRQ LQGLUHFWH YLD OH FRUSV JUDV HW OH FHUYHDX HW
SRVVLEOHPHQW DXVVL SDU OD GpWHFWLRQ GLUHFWH GHV DFLGHV DPLQpV SUpVHQWV GDQV
O¶KpPRO\PSKHSDUOHVSURJpQLWHXUVKpPDWRSRwpWLTXHV
/¶ROIDFWLRQHVW pJDOHPHQW LPSOLTXpHGDQV OH FRQWU{OHGH O¶KRPpRVWDVLHGH OD*/
6KLP HW DO  &HUWDLQHV RGHXUV HQWUDvQHQW OD VpFUpWLRQ G¶DFLGH Ȗ
DPLQREXW\ULTXH*$%$SDUGHVQHXURQHVGXFHUYHDX/DGpWHFWLRQGH*$%$SDUOHV
SURJpQLWHXUVKpPDWRSRwpWLTXHVGHOD=0TXLH[SULPHQWOHUpFHSWHXUDX*$%$DSSHOp
*$%$% HQWUDLQH XQH DXJPHQWDWLRQ GX QLYHDX GH FDOFLXP F\WRVROLTXH GDQV FHV
FHOOXOHV8QKDXWQLYHDXGHFDOFLXPHVWQpFHVVDLUHDXPDLQWLHQGHVSURKpPRF\WHV
(QILQ O¶KRPpRVWDVLHGH OD*/HVWGpSHQGDQWHGX WDX[G¶R[\JqQH 0XNKHUMHHHW
DO  /H IDFWHXU GH WUDQVFULSWLRQ 6LPD RUWKRORJXH GX PpGLDWHXU FOp GHV
UpSRQVHVjO¶K\SR[LHFKH]OHVYHUWpEUpV+LIĮHVWHQHIIHWH[SULPpGDQVOHVFHOOXOHV








GH VWUHVV LPPXQ HOOH HVW UpJXOpH SDU XQ HQVHPEOH GH IDFWHXUV H[WULQVqTXHV HW
LQWULQVqTXHV(Q UpSRQVH j XQ VWUHVV LPPXQ FHWWH KRPpRVWDVLH HVW FRPSOqWHPHQW











W\SH O\PSKRF\WHVQLGH UpSHUWRLUHGH UpFHSWHXUVG¶DQWLJqQHVKDXWHPHQWVSpFLILTXHV




DFWLYHU OD UpSRQVH LPPXQLWDLUH LQQpH TXL FHSHQGDQW VHUD GLIIpUHQWH HW DGDSWpH DX
SDWKRJqQHPLVHQFDXVH
/DSUHPLqUH OLJQHGHGpIHQVHFRQWUHXQH LQIHFWLRQHVWXQHEDUULqUHSK\VLTXH LO
V¶DJLWGHVpSLWKpOLDTXLWDSLVVHQW OHVYRLHVG¶HQWUpHGXFRUSVGHO¶DQLPDO/DFXWLFXOH
GH O¶DQLPDO DLLQVL TXH OHV pSLWKpOLD SUpVHQWV GDQV OH WUDFWXV GLJHVWLI OHV YRLHV
JpQLWDOHVRXHQFRUHODWUDFKpHVRQWDLQVLHVVHQWLHOVSRXUHPSrFKHUO¶HQWUpHGHPLFUR
RUJDQLVPHVGDQV ODFDYLWpGXFRUSVGH O¶LQVHFWH SRXU UHYXH&KDUURX[DQG5R\HW
 /H IUDQFKLVVHPHQW GH FHV EDUULqUHV HW OD GpWHFWLRQ G¶XQ PLFURRUJDQLVPH
SDWKRJqQHYDHQWUDvQHU ODPLVHHQSODFHG¶XQH UpSRQVH LPPXQLWDLUH FRPSRVpHGH
GHX[ D[HV OD UpSRQVH KXPRUDOH V\VWpPLTXH TXL FRQVLVWH SULQFLSDOHPHQW HQ OD
VpFUpWLRQGDQVO¶KpPRO\PSKHGHPROpFXOHVjDFWLYLWpDQWLPLFURELHQQHHWODUpSRQVH








/¶LPPXQLWp KXPRUDOH SHUPHW OD SURGXFWLRQ GH PROpFXOHV GLIIXVLEOHV HW
F\WRWR[LTXHVSRXUOHVPLFURRUJDQLVPHVHWDJLWjGHX[QLYHDX[
$XQLYHDX ORFDO OHVpSLWKpOLDSURGXLVHQWGHVPROpFXOHVDQWLPLFURELHQQHVDILQ
G¶pOLPLQHU OHV SDWKRJqQHV DYDQW OHXU HQWUpH GDQV OH FRUSV GH O¶K{WH &HWWH
UpSRQVH FRQWULEXH HIILFDFHPHQW j OD SURWHFWLRQ GH OD GURVRSKLOH FRQWUH GHV




SURGXFWLRQ PDVVLYH GH SHSWLGHV DQWLPLFURELHQV $03V TXL VRQW HQVXLWH
VpFUpWpV GDQV O¶KpPRO\PSKH 'H IDoRQ LQWpUHVVDQWH OHV PROpFXOHV DQWL
PLFURELHQQHV DLQVL TXH OHV YRLHV GH VLJQDOLVDWLRQ FRQGXLVDQW j OHXU SURGXFWLRQ






/DUpSRQVH LPPXQLWDLUHKXPRUDOHPLVHHQSODFHSRXU OXWWHUFRQWUH OHVEDFWpULHV
RX OHVFKDPSLJQRQVFRQVLVWHHQ ODSURGXFWLRQPDVVLYHGHSHSWLGHVDQWLPLFURELHQV
$03V SULQFLSDOHPHQW SDU OH FRUSV JUDV PDLV pJDOHPHQW SDU OHV KpPRF\WHV
FLUFXODQWV &HWWH UpSRQVH D pWp GpFULWH SRXU OD SUHPLqUH IRLV HQ  SDU +DQV
%RPDQHWVHVFROOqJXHVGDQVXQHSXEOLFDWLRQGDQVOH MRXUQDO1DWXUH%RPDQHWDO
 /HVDXWHXUV \GpFULYHQW XQHH[SpULHQFH FOpTXL OHXU DSHUPLVGHGpPRQWUHU










j N'D HW SUpVHQWDQW XQH DFWLYLWp DQWLEDFWpULHQQH HWRX DQWLIRQJLTXH &KH] OD
GURVRSKLOH LOH[LVWHXQHYLQJWDLQHG¶$03VGLIIpUHQWV UHJURXSpVHQVHSWFODVVHVTXL






OHV &pFURSLQHV SUHPLHUV $03V LGHQWLILpV VRQW DFWLIV j OD IRLV FRQWUH OHV
EDFWpULHVHWOHVFKDPSLJQRQV
(Q SOXV GHV $03 G¶DXWUHV PROpFXOHV j DFWLYLWp DQWLPLFURELHQQH RQW pWp
PRQWUpHVFRPPHLQGXLWHVHQUpSRQVHjXQHLQIHFWLRQF¶HVWSDUH[HPSOHOHFDVG¶XQ
WUDQVSRUWHXUGHIHU<RVKLJDHWDOHWG¶XQJqQHFRGDQWSRXUXQH&DWDODVH'H
*UHJRULR HW DO  TXL FLEOHQW UHVSHFWLYHPHQW OH IHU HW OD EDODQFH5HG2[ WRXV






GHX[ IDPLOOHV SULQFLSDOHV GH 355VFKH] OD GURVRSKLOH  OHV 3HSWLGR*O\FDQ
5HFRJQLWLRQ3URWHLQV 3*53VTXL UHFRQQDLVVHQW OHSHSWLGRJO\FDQGHVEDFWpULHVj
VDYRLU GHV SRO\PqUHV JOXFRSHSWLGLTXHV SUpVHQWV j OHXU VXUIDFH HW OHV *UDP
1HJDWLYH %LQGLQJ 3URWHLQV *1%3V FDSDEOHV GH VH OLHU j OD VXUIDFH GH FHUWDLQV
FKDPSLJQRQV*DQHVDQHWDO/DFDSDFLWpGHODGURVRSKLOHjPHWWUHHQSODFH
XQHUpSRQVH LPPXQLWDLUHGLIIpUHQWHVHORQ OH W\SHGHSDWKRJqQHHWHQSDUWLFXOLHUGH


























)LJXUH   /HV YRLHV GH VLJQDOLVDWLRQ 7ROO1)ț% HW ,0' HW OD UpSRQVH LPPXQLWDLUH KXPRUDOH
FRQWUH OHV EDFWpULHV HW FKDPSLJQRQV
/HV EDFWpULHV *UDPSRVLWLYHV VRQW UHFRQQXHV SDU OHV UpFHSWHXUV VROXEOHV 3*536$ *1%3 HW
3*536' FH TXL FRQGXLW j XQH FDVFDGH SURWpRO\WLTXH DERXWLVVDQW DX FOLYDJH GH 6SlW]OH 6S] SDU
OD VpULQHSURWpDVH 6SlW]OH 3URFHVVLQJ (Q]\PH 63( /D GpWHFWLRQ GH FKDPSLJQRQV SDU *1%3
HQWUDvQH pJDOHPHQW O¶DFWLYDWLRQ GH 63( '¶DXWUHV FKDPSLJQRQV DFWLYHQW OD YRLH 7ROO1)ț% YLD OD
VpFUpWLRQ GH SURWpDVHV GRQW O¶DFWLRQ YD DERXWLU DX FOLYDJH GH 6S] /D IRUPH FOLYpH GH 6S] VH OLH
VRXV IRUPH GH GLPqUH DX UpFHSWHXU 7ROO SHUPHWWDQW O¶DFWLYDWLRQ GH OD YRLH GH VLJQDOLVDWLRQ
7ROO1)ț% 8QH FDVFDGH GH SKRVSKRU\ODWLRQ LPSOLTXDQW OHV SURWpLQHV 0\G 7XEH HW 3HOOH DERXWLW
j OD SKRVSKRU\ODWLRQ GH &DFWXV SXLV j VD GpJUDGDWLRQ SDU OH SURWpDVRPH /D GpJUDGDWLRQ GH
&DFWXV SHUPHW OD OLEpUDWLRQ GHV IDFWHXUV GH WUDQVFULSWLRQ j GRPDLQH 5(/ 'LI HW 'RUVDO TXL SHXYHQW
DORUV HQWUHU GDQV OH QR\DX HW DFWLYHU OD WUDQVFULSWLRQ GH OHXUV JqQHV FLEOHV GRQW SOXVLHXUV FRGHQW
SRXU GHV 3HSWLGHV $QWL0LFURELHQV $03V
/HV EDFWpULHV *UDPQpJDWLYHV VRQW GpWHFWpHV SDU OH UpFHSWHXU PHPEUDQDLUH 3*53/& TXL
UHFRQQDvW GHV FRPSRVDQWV SUpVHQWV j OHXU VXUIDFH HQWUDvQDQW O¶DFWLYDWLRQ GH OD YRLH GH VLJQDOLVDWLRQ
,PPXQH 'HILFLHQF\ ,0' /H UHFUXWHPHQW GX IDFWHXU ,PG SXLV O¶DFWLYDWLRQ G¶XQH FDVFDGH GH
SKRVSKRU\ODWLRQ DERXWLVVHQW DX FOLYDJH GX GRPDLQH LQKLELWHXU GH 5HOLVK OH WURLVLqPH IDFWHXU GH
WUDQVFULSWLRQ j GRPDLQH 5(/ GH OD GURVRSKLOH 8QH IRLV FOLYp 5HOLVK HQWUH GDQV OH QR\DX HW DFWLYH OD
WUDQVFULSWLRQ GH VHV JqQHV FLEOHV
G¶DSUqV /HPDvWUH DQG +RIIPDQQ  HW +HWUX DQG +RIIPDQQ 

,QWURGXFWLRQ
/D UHFRQQDLVVDQFH G¶XQ PRWLI PLFURELHQ SDU OHV 355V HQWUDvQH O¶DFWLYDWLRQ GH
O¶XQH GH FHV GHX[ YRLHV GH VLJQDOLVDWLRQ OD YRLH 7ROO FRUUHVSRQGDQW j OD
VLJQDOLVDWLRQ 1)ț% FKH] OHV YHUWpEUpV RXHW OD YRLH ,PPXQH 'HILFLHQF\ ,0'
)LJXUH/HPDLWUHDQG+RIIPDQQ/HV355VVROXEOHV3*536$3*53
6'HW*1%3DSUqVGpWHFWLRQGHPRWLIVGHVXUIDFHGHVEDFWpULHV*UDPSRVLWLYHV
DFWLYHQW OD YRLH GH VLJQDOLVDWLRQ 7ROO1)ț% &HOOHFL HVW pJDOHPHQW DFWLYpH DSUqV
GpWHFWLRQ GH FKDPSLJQRQV SDU GHV 355V GH W\SH *1%3 3OXV SUpFLVpPHQW FHV
355V YRQW DSUqV IL[DWLRQ G¶XQ PRWLI PLFURELHQ DFWLYHU XQH FDVFDGH SURWpRO\WLTXH
LPSOLTXDQWGHV6pULQHV3URWpDVHV63TXLYDDERXWLUjODPDWXUDWLRQSDUFOLYDJHGX
OLJDQG GH OD YRLH 7ROO1)ț% 6SlW]OH 6S] 6S] FOLYp VH OLH j VRQ UpFHSWHXU 7ROO
SUpVHQW HQ SDUWLFXOLHU j ODPHPEUDQH GHV FHOOXOHV GX FRUSV JUDV FH TXL DERXWLW j
O¶DFWLYDWLRQGH ODYRLH7ROO1)ț%HWj ODSURGXFWLRQG¶$03VFLEOHVGLUHFWHVGHFHWWH











































)LJXUH   /D UpSRQVH LPPXQLWDLUH DQWLYLUDOH
3OXVLHXUV PpFDQLVPHV VRQW PLV HQ MHX ORUV GH OD UpSRQVH LPPXQLWDLUH FRQWUH OHV YLUXV 
$ O¶LQWHUIpUHQFH j O¶$51 SHUPHW OD SURGXFWLRQ GH VL51$ GLULJpV FRQWUH OHV $51 YLUDX[
% O¶DSRSWRVH GpWUXLW OD FHOOXOH LQIHFWpH HW HPSrFKH OD SURSDJDWLRQ GX YLUXV
& O¶DXWRSKDJLH PHWWDQW HQ MHX OD YRLH 3,.$.7725 SHUPHW OD GHVWUXFWLRQ G¶XQH SDUWLH GX
PDWpULHO F\WRVROLTXH
' O¶DFWLYDWLRQ GH OD YRLH -$.67$7 HQWUDvQH OD WUDQVFULSWLRQ GH JqQHV HIIHFWHXUV DQWLYLUDX[ SDU OD
FHOOXOH LQIHFWpH





/HV YLUXV XWLOLVHQW OHV FRPSRVDQWV LQWUDFHOOXODLUHV GH O¶K{WH TX¶LOV LQIHFWHQW SRXU
SHUPHWWUH OD UpSOLFDWLRQ GH OHXU PDWpULHO JpQpWLTXH 6L FHUWDLQV YLUXV LQIHFWHQW
VSpFLILTXHPHQWOHVLQVHFWHVG¶DXWUHVVRQWWUDQVPLVDX[YHUWpEUpVSDUOHVLQVHFWHVHQ
SDUWLFXOLHUSDUOHVPRXVWLTXHV$LQVLFRPSUHQGUHFRPPHQWODUpSRQVHDQWLYLUDOHDJLW
FKH] OHV LQVHFWHV UHSUpVHQWH XQ HQMHX PpGLFDO LPSRUWDQW SRXU O¶KXPDLQ 3OXVLHXUV
PpFDQLVPHVGHGpIHQVHDQWLYLUDOH VRQWPLVHQ MHX FKH] OHV LQVHFWHVHQJpQpUDOHW
FKH]ODGURVRSKLOHHQSDUWLFXOLHU)LJXUH/HSOXVLPSRUWDQWG¶HQWUHHX[HVWPpGLp
SDU O¶LQWHUIpUHQFH j O¶$51 &H SURFHVVXV SHUPHW GH JpQpUHU GHV SHWLWV $51
LQWHUIpUHQWV OHV VL51$ VPDOO LQWHUIHULQJ51$ j SDUWLU G¶$51GRXEOHEULQ GV51$
G¶RULJLQH YLUDOH SRXU SHUPHWWUH OHXU GpJUDGDWLRQ HW DLQVL LQKLEHU OD UpSOLFDWLRQ YLUDOH
.LQJVROYHU HW DO  /D GpWHFWLRQ GX YLUXV SDVVH SDU OD UHFRQQDLVVDQFH GH
GV51$YLUDX[SURGXLWVORUVGHODUpSOLFDWLRQGXJpQRPHYLUDOSDUODSURWpLQH'LFHU
'LFHU YD DYHF O¶DLGH GH VRQ FRIDFWHXU 5' SHUPHWWUH OH UHFUXWHPHQW GH OD
SURWpLQH $UJRQDXWH $JR DX VHLQ GX FRPSOH[H 5,6& 51$ ,QGXFHG 6LOHQFLQJ
&RPSOH[H'DQVOH5,6&ODSURWpLQH$JRTXLHVWXQH51$VHFOLYHOHVGV51$HQ
SHWLWV$51VGHQWOHVVL51$GRQWO¶KRPRORJLHGHVpTXHQFHDYHFOHV$51VYLUDX[
SHUPHW OHXU UHFRQQDLVVDQFH HW OHXU GpJUDGDWLRQ /RUV G¶XQH LQIHFWLRQ YLUDOH GHV
GURVRSKLOHV PXWDQWHV SRXU 'LFHU RX SRXU $JR QH SDUYLHQQHQW SDV j EORTXHU OD
UpSOLFDWLRQYLUDOHHWUpVLVWHQWGRQFEHDXFRXSPRLQVELHQTXHGHVDQLPDX[FRQWU{OHV
*DOLDQD$UQRX[HWDOYDQ5LMHWDO:DQJHWDO=DPERQHWDO
 (Q SOXV GHV VL51$ G¶DXWUHV SHWLWV $51 WUDQVFULWV j SDUWLU GX JpQRPH
FHOOXODLUH OHV3,:,51$ SL51$ VRQW LPSOLTXpVGDQV OD UpSRQVHDQWLYLUDOH FKH] OD
GURVRSKLOH(QHIIHW ORUVTXHODYRLHGHV\QWKqVHGHVSL51$HVW LQKLEpH ODTXDQWLWp
GH YLUXV 6HPOLNL )RUHVW 9LUXV 6)9 TXL V¶DFFXPXOH GDQV OH FRUSV GH O¶K{WH HVW
VXSpULHXUHjFHTXHO¶RQREVHUYHGDQVGHVGURVRSKLOHVFRQWU{OHVLQIHFWpHVUpYpODQW
O¶LPSRUWDQFHGHVSL51$GDQVODUpSRQVHDQWLYLUDOH0RUD]]DQLHWDO
'HX[DXWUHVPpFDQLVPHVFHOOXODLUHVVRQW LPSOLTXpVGDQV OD UpSRQVHDQWLYLUDOH
O¶DSRSWRVHHWO¶DXWRSKDJLH&RQFHUQDQWO¶DSRSWRVHHOOHHVWLQGXLWHSDUODSUpVHQFHGH
YLUXV SDUWLFXOLHUV WHOV TXH OH )ORFN +RXVH 9LUXV )+9 HW SHUPHW GH UpGXLUH OHXU
DFFXPXODWLRQ 6HWWOHVDQG)ULHVHQ/¶DXWRSKDJLHSURFHVVXVTXL FRQGXLWj OD
GHVWUXFWLRQGHPDWpULHOF\WRVROLTXHGDQV OHV O\VRVRPHVDTXDQWjHOOHpWpPRQWUpH





6WRPDWLWLV9LUXV 969 OH5LIW9DOOH\)HYHU9LUXV 59)9RXHQFRUH OHYLUXV6LJPD
0DJZLUHHWDO0R\DQG&KHUU\0R\HWDO6KHOO\HWDO
/¶DFWLYDWLRQ GH O¶DXWRSKDJLH ORUV G¶LQIHFWLRQV YLUDOHV SDVVH SDU OD UpSUHVVLRQ GH OD
VLJQDOLVDWLRQ3,NLQDVH$.77256KHOO\HWDO(QO¶DEVHQFHG¶LQIHFWLRQFHWWH
YRLHLQKLEHO¶DXWRSKDJLH
(QILQ SOXVLHXUV YRLHV GH VLJQDOLVDWLRQ SDUWLFLSHQW j OD UpSRQVH LPPXQLWDLUH
DQWLYLUDOH 3DUPL HOOHV OD YRLH -$.67$7 HVW QpFHVVDLUH j OD UpSRQVH LPPXQLWDLUH
FRQWUHFHUWDLQVYLUXVGRQWHQWUHDXWUHVOH'URVRSKLOD&9LUXV'&9'HVGURVRSKLOHV
PXWDQWHV SRXU OD NLQDVH +RSVFRWFK +RS FRPSRVDQW  FDQRQLTXH GH OD YRLH
-$.67$7 SUpVHQWHQW HQ HIIHW XQH VXVFHSWLELOWp DFFUXH DX '&9 'RVWHUW HW DO
'H IDoRQ LQWpUHVVDQWHXQH LQIHFWLRQSDU OH'&9HQWUDvQH ODVpFUpWLRQSDU OH
FRUSVJUDVGH9DJRXQSRO\SHSWLGHULFKHHQF\VWpLQHV/DSURGXFWLRQGH9DJRHVWLFL
GpSHQGDQWHGHODSUpVHQFHGH'LFHU'HGGRXFKHHWDO&KH]OHPRXVWLTXH






(QILQ OHV YRLHV GH VLJQDOLVDWLRQ 7ROO1)ț% HW ,0' FHQWUDOHV GDQV OD UpSRQVH
LPPXQLWDLUHFRQWUH OHVEDFWpULHVHWFKDPSLJQRQV MRXHQWpJDOHPHQWXQ U{OHGDQV OD
UpSRQVHDQWLYLUDOH3DUH[HPSOHGHVGURVRSKLOHVPXWDQWHVSRXUFHUWDLQVFRPSRVDQWV







)LJXUH   /D SKDJRF\WRVH
/¶pOLPLQDWLRQ GH PLFURRUJDQLVPHV SDWKRJqQHV SDU SKDJRF\WRVH VH GpURXOH HQ SOXVLHXUV pWDSHV OH
SDWKRJqQH HVW WRXW G¶DERUG GpWHFWp SDU FRQWDFW SDU OH PDFURSKDJH SXLV DGKqUH j VD VXUIDFH pWDSH
 DGKpVLRQ ,O YD HQVXLWH HQWUHU GDQV OH SKDJRF\WH SDU GpIRUPDWLRQ GH OD PHPEUDQH SODVPLTXH GH
FHOXLFL HW VH WURXYH DORUV LQFOXV GDQV XQH YDFXROH DSSHOpH SKDJRVRPH pWDSH  DEVRUSWLRQ /H
SKDJRVRPH YD IXVLRQQHU DYHF GHV O\VRVRPHV GRQW OH FRQWHQX WUqV DFLGH YD SHUPHWWUH OD GpJUDGDWLRQ
GX PLFUREH pWDSH  GLJHVWLRQ /HV UpVLGXV GH GLJHVWLRQ VHURQW HQVXLWH pOLPLQpV KRUV GH OD FHOOXOH
SDU H[RF\WRVH pWDSH  UHMHW GHV UpVLGXV PLFURELHQV





/D SKDJRF\WRVH FRQVLVWH HQ OD GHVWUXFWLRQ G¶XQ FRUSV GpEULV FHOOXODLUH RX
SDWKRJqQHSDU©LQJHVWLRQªGDQVXQHFHOOXOH&HUWDLQHVFHOOXOHV LPPXQLWDLUHVVRQW
VSpFLDOLVpHVGDQVFHSURFHVVXVOHVSODVPDWRF\WHVGDQVOHFDVGHODGURVRSKLOH/D




 /D UHFRQQDLVVDQFH GHV GpEULV FHOOXODLUHV UpVXOWDQW GH O¶DSRSWRVH




OD IDPLOOH 1LPURG VRQW TXDQWjHOOHV HVVHQWLHOOHV j OD UHFRQQDLVVDQFH GHV
EDFWpULHVSDU OHVSODVPDWRF\WHV .RFNVHW DO .XUXF]HW DO  /HXU
LQKLELWLRQGDQV OHVSODVPDWRF\WHVFRQGXLWHQHIIHWjXQGpIDXWG¶pOLPLQDWLRQGHV
EDFWpULHV SDU SKDJRF\WRVH 5pFHPPHQW LO D pWp PRQWUp TXH (DWHU HVW UHTXLV
XQLTXHPHQW SRXU OD SKDJRF\WRVH GHV EDFWpULHV *UDP SRVLWLYHV HW Q¶LQWHUYLHQW
SDVGDQVODSKDJRF\WRVHGHVEDFWpULHV*UDPQpJDWLYHV%UHWVFKHUHWDO
(QILQ OD SURWpLQH 'VFDP D pJDOHPHQW pWp SURSRVpH FRPPH QpFHVVDLUH j OD
SKDJRF\WRVHGHSDWKRJqQHV:DWVRQHWDO&HWWHSURWpLQHVpFUpWpHGDQV
O¶KpPRO\PSKHDSSDUWLHQWj ODVXSHUIDPLOOHGHV LPPXQRJOREXOLQHVHWH[LVWHVRXV
GH QRPEUHXVHV LVRIRUPHV  LVRIRUPHV SRWHQWLHOOHV FH TXL SRXUUDLW OXL
FRQIpUHU OD FDSDFLWp GH UHFRQQDvWUH XQH JUDQGH YDULpWp GH SDWKRJqQHV





















)LJXUH   /D PpODQLVDWLRQ
$ /D FDVFDGH HQ]\PDWLTXH UHVSRQVDEOH GH OD SURGXFWLRQ GH PpODQLQH ORUV G¶XQH EOHVVXUH RX
G¶XQ FKDOOHQJH LPPXQ OD PpODQLVDWLRQ HVW O¶XQH GHV UpSRQVHV LPPXQLWDLUHV PLVHV HQ SODFH SDU OD
GURVRSKLOH SRXU VH GpIHQGUH /HV 3UR3KpQRO 2[\GDVHV 332V FRQWHQXHV GDQV OH F\WRSODVPH GHV
FHOOXOHV j FULVWDX[ HW OLEpUpHV GDQV O¶KpPRO\PSKH VRQW PDWXUpHV HQ 3KpQRO 2[\GDVHV 32V SDU
GHV 6pULQH SURWpDVHV /HV 32V FRQYHUWLVVHQW GHV FRPSRVpV SKpQROLTXHV HQ TXLQRQHV GRQW OD
SRO\PpULVDWLRQ SHUPHW OD IRUPDWLRQ GH PpODQLQH /HV UpDFWLRQV HQ]\PDWLTXHV FRQGXLVHQW j OD
IRUPDWLRQ GH 526
% /H U{OH GHV 332V  HW  GDQV OD PpODQLVDWLRQ DSUqV EOHVVXUH RX DSUqV SDUDVLWLVPH  PLQXWHV
DSUqV EOHVVXUH GH ODUYHV GH GURVRSKLOHV VDXYDJHV DYHF XQH DLJXLOOH VWpULOLVpH XQH DFFXPXODWLRQ GH
PpODQLQH HVW YLVLEOH DX QLYHDX GX SRLQW GH SLTUH IOqFKH /H SRLQW GH SLTUH Q¶HVW SDU FRQWUH SDV
PpODQLVp DSUqV EOHVVXUH GH ODUYHV PXWDQWHV SRXU ppo1 HW ppo2 LQGLTXDQW TXH FHV GHX[ HQ]\PHV
VRQW LPSOLTXpHV GDQV OD PpODQLVDWLRQ 'DQV GHV ODUYHV VDXYDJHV  MRXUV DSUqV SDUDVLWLVPH SDU GHV
JXrSHV OHV °XIV GH JXrSH HQFDSVXOpV VRQW PpODQLVpV (Q UHYDQFKH DXFXQH PpODQLVDWLRQ Q¶HVW
YLVLEOH DXWRXU GHV °XIV GH JXrSH GDQV GHV ODUYHV PXWDQWHV SRXU ppo1 HW ppo2 DSUqV SDUDVLWLVPH
$LQVL 332 HW  VRQW UHTXLVHV j OD PpODQLVDWLRQ REVHUYpH ORUV GH O¶HQFDSVXODWLRQ





/D PpODQLVDWLRQ HVW XQ W\SH GH GpIHQVH LPPXQLWDLUH FDUDFWpULVWLTXH GHV
DUWKURSRGHV(OOHHVWSULQFLSDOHPHQWRSpUpHSDUOHVFHOOXOHVjFULVWDX[HWFRQVLVWHHQ
OD IRUPDWLRQ GDQV O¶KpPRO\PSKH GH GpS{WV QRLUV GH PpODQLQH )LJXUH  &HV
GpS{WV SHUPHWWHQW OD FLFDWULVDWLRQ HQ FUpDQW XQH EDUULqUH SK\VLTXH DX OLHX GH OD
EOHVVXUH HPSrFKDQW DLQVL O¶HQWUpH GH SDWKRJqQHV GDQV OH FRUSV GH OD ODUYH /D
PpODQLVDWLRQ HVW DXVVL GLUHFWHPHQW WR[LTXH SRXU OHV SDWKRJqQHV /D FDVFDGH GH
PpODQLVDWLRQ D pWp ELHQ GpFULWH5,=., DQG 5,=.,   ORUV G¶XQH LQIHFWLRQ RX
G¶XQHEOHVVXUH ODYRLH-1.YDHQWUDvQHU OD UXSWXUHGH ODPHPEUDQHGHVFHOOXOHVj
FULVWDX[ %LGOD HW DO  SURYRTXDQW DLQVL OD OLEpUDWLRQ GDQV O¶KpPRO\PSKH GH




PpODQLQH &HWWH UpDFWLRQ G¶R[\GDWLRQ JpQqUH OD SURGXFWLRQ G¶HVSqFHV UpDFWLYHV GH
O¶R[\JqQHRX526PROpFXOHVGLUHFWHPHQWF\WRWR[LTXHV,OH[LVWHWURLV332VFKH]OD
GURVRSKLOHGRQWGHX[332HW332VRQWH[SULPpHVGDQVOHVFHOOXOHVjFULVWDX[HW
XQH 332 GDQV OHV ODPHOORF\WHV ,UYLQJ HW DO  1DP HW DO  'DQV OH
PXWDQWDSSHOp%ODFNFHOO%FJpQpUpSDUH[SRVLWLRQjO¶(06HWGpFULWHQ5L]NL
HW DO  XQH PpODQLVDWLRQ DQRUPDOH GHV FHOOXOHV j FULVWDX[ HVW REVHUYp /D
PXWDWLRQ%FHVWHQ IDLWXQHVXEVWLWXWLRQG¶XQUpVLGX$ODQLQHHQ9DOLQHGDQV OHJqQH
FRGDQW SRXU OD 332 TXL DIIHFWH OH VLWH GH FOLYDJH GH O¶HQ]\PH FDXVDQW XQH
DFWLYDWLRQFRQVWLWXWLYHGHODSURWpLQH1H\HQHWDO
&KH] OD ODUYH OD PpODQLVDWLRQ D pJDOHPHQW OLHX ORUV GH O¶HQFDSVXODWLRQ GH
SDWKRJqQHV(QHIIHWOHVSDUWLFXOHVHQFDSVXOpHVVRQWQRLUHVGHSDUODSUpVHQFHGH
PpODQLQH/HVODPHOORF\WHVDFWHXUVPDMHXUVGHO¶HQFDSVXODWLRQH[SULPHQWOD332
8QH K\SRWKqVH pWDLW GRQF TXH ODPpODQLVDWLRQ ORUV GH O¶HQFDSVXODWLRQ SRXYDLW rWUH
GXH QRQ VHXOHPHQW DX[ FHOOXOHV j FULVWDX[ TXL VRQW UHFUXWpHV DXWRXU GH O¶REMHW
LQGpVLUDEOH PDLV DXVVL DX[ ODPHOORF\WHV 1pDQPRLQV OD PpODQLVDWLRQ DSUqV
HQFDSVXODWLRQGHV°XIVGHJXrSHVHVWDEROLHGDQVOHGRXEOHPXWDQWppo1-ppo2/HV

















)LJXUH   /¶HQFDSVXODWLRQ
/¶HQFDSVXODWLRQ GH FRUSV pWUDQJHUV VXU FH VFKpPD G¶XQ °XI GH JXrSH VH GpURXOH HQ SOXVLHXUV
pWDSHV 
 /D SUpVHQFH GX FRUSV pWUDQJHU GDQV OD ODUYH HVW GpWHFWp SDU OHV SODVPDWRF\WHV HQ FLUFXODWLRQ LFL
PDUTXpV SDU OD *)3 GLULJpH VRXV OH FRQWU{OH GX SLORWH G¶H[SUHVVLRQ +PO*DO
 'HV ODPHOORF\WHV YRQW VH GLIIpUHQFLHU j SDUWLU GHV GHX[ FRPSDUWLPHQWV KpPDWRSRwpWLTXHV
ODUYDLUHV OD */ HW OH FRPSDUWLPHQW VHVVLOH SXLV YRQW rWUH OLEpUpV GDQV OD FLUFXODWLRQ O\PSKDWLTXH
/HV ODPHOORF\WHV HQ FLUFXODWLRQ VRQW YLVXDOLVpV SDU O¶H[SUHVVLRQ GH OD *)3 VRXV OH FRQWU{OH GX
SLORWH 0VQ*DO VSpFLILTXH GHV ODPHOORF\WHV
 /HV ODPHOORF\WHV IRUPHQW XQH FDSVXOH DXWRXU GH O¶°XI GH JXrSH ,OV VRQW YLVXDOLVpV SDU
O¶H[SUHVVLRQ GH 0VQ!*)3
 + DSUqV SDUDVLWLVPH OD FDSVXOH HVW PpODQLVpH /¶HQFDSVXODWLRQ DERXWLW in fine j OD PRUW GH
O¶RHXI




/HWHUPHG¶HQFDSVXODWLRQGpVLJQH OD IRUPDWLRQDXWRXUGH O¶REMHWjpOLPLQHUG¶XQH
FDSVXOH FRQVWLWXpH GH SOXVLHXUV FRXFKHV GH FHOOXOHV LPPXQLWDLUHV &H SURFHVVXV
SHUPHW ODQHXWUDOLVDWLRQGHFRUSV WURSJURVSRXUrWUHSKDJRF\WpV FRPPHF¶HVWSDU
H[HPSOH OH FDV SRXU OHV°XIV GH JXrSHV SDUDVLWRwGHV SRQGXV GDQV OHV ODUYHV GH
GURVRSKLOH&HWWHUpSRQVHQ¶HVWQpDQPRLQVSDVVSpFLILTXHDXSDUDVLWLVPHSXLVTX¶HOOH
HVW pJDOHPHQW REVHUYpH ORUVTXH O¶RQ LQMHFWH XQH JRXWWHOHWWH G¶KXLOH GDQV
O¶KpPRO\PSKH G¶XQH ODUYH 'XEXIIHW HW DO  /¶HQFDSVXODWLRQ IDLW DSSHO j XQH
FRRSpUDWLRQ GHV WURLV W\SHV GH FHOOXOHV LPPXQLWDLUHV SUpVHQWV FKH] OD GURVRSKLOH
)LJXUH  /HV SODVPDWRF\WHV SUpVHQWV GDQV OD FLUFXODWLRQ O\PSKDWLTXH GpWHFWHQW
O¶REMHWLQGpVLUDEOHSXLVV¶DJJOXWLQHQWDXWRXUSRXUIRUPHUODSUHPLqUHFRXFKHFHOOXODLUH
GH ODFDSVXOH 5XVVRHWDO6XLWHjFHWWHpWDSHXQHGLIIpUHQFLDWLRQPDVVLYH





O¶°XI QpFHVVLWH O¶LQWpJULQH 0\RVSKpURwGH ,UYLQJ HW DO  /D FDSVXOH IRUPpH
G¶XQHPXOWLFRXFKHGHFHOOXOHV LPPXQLWDLUHVYDHQVXLWHrWUHPpODQLVpHSDU O¶DFWLRQ
GHV FHOOXOHV j FULVWDX[ /D FDVFDGH GH PpODQLVDWLRQ DLQVL TXH OD SURGXFWLRQ GH






)LJXUH   ([HPSOHV GH JXrSHV SDUDVLWRwGHV
/D JXrSH Trichopria drosophilae SRQG VHV °XIV GDQV GHV SXSHV GH GURVRSKLOH $ 8Q
JURVVLVVHPHQW GX VLWH G¶RYLSRVLWLRQ HVW PRQWUp HQ % /H SRLQW GH SLTUH HVW YLVLEOH JUkFH j OD
PpODQLVDWLRQ REWHQXH DSUqV FLFDWULVDWLRQ & /HV JXrSHV Leptopilana boulardi ' Ganaspis
xanthopoda ( Leptopilina victoriae ) HW Leptopilina heterotoma * VRQW G¶DXWUHV HVSqFHV
GH JXrSHV SDUDVLWRwGHV TXL SDUDVLWHQW OHV ODUYHV GH GLIIpUHQWHV HVSqFHV G¶LQVHFWHV




/HV LQVHFWHV VRQW FRQIURQWpV j GH QRPEUHXVHV PHQDFHV SDUPL OHVTXHOOHV VH
WURXYHQWOHVJXrSHVSDUDVLWRwGHV&HVJXrSHVSRQGHQWOHXUV°XIVGDQVOHFRUSVGH
O¶K{WH OHSOXVVRXYHQW ORUVGHVRQVWDGH ODUYDLUHRXSXSDO )LJXUH6PDOOHWDO
&HVJXrSHVFRQVWLWXHQWXQGDQJHULPPpGLDWHWYLWDOSRXUO¶LQVHFWHLQIHFWp(Q
HIIHW TXDQG O¶°XIGHJXrSHpFORW LO GRQQHQDLVVDQFHjXQH ODUYHTXL VHQRXUULW GX
FRUSV GH VRQ K{WH HQWUDvQDQW VDPRUW 3RXU VH GpIHQGUH O¶K{WHPHW HQ SODFH XQH
UpSRQVH LPPXQLWDLUH DILQ GH QHXWUDOLVHU O¶°XI GH JXrSH DYDQW VRQ pFORVLRQ
1pDQPRLQVFHWWHUpSRQVHHVWSDUIRLVLQVXIILVDQWHRXWURSWDUGLYHHWQHSHXWHPSrFKHU
O¶pFORVLRQGHO¶°XIGHJXrSH$LQVLO¶LVVXHGHODOXWWHHQWUHOHSDUDVLWHHVWO¶RUJDQLVPH
LQIHFWp HVW LQFHUWDLQH $X FRXUV GHPD WKqVH MHPH VXLV LQWpUHVVpH j O¶LQWpUDFWLRQ
















)LJXUH   /H F\FOH GH YLH GH OD JXrSH Leptopilina boulardi
/D JXrSH SRQG XQ °XI GDQV OD ODUYH GH GURVRSKLOH DX GHX[LqPH VWDGH ODUYDLUH / 6L OD UpSRQVH
LPPXQLWDLUH PLVH HQ SODFH SDU OD ODUYH GH GURVRSKLOH HVW VXIILVDQWH O¶°XI GH JXrSH HVW QHXWUDOLVp
SDU HQFDSVXODWLRQ HW PHXUW /D ODUYH LQIHFWpH FRQWLQXH DORUV VRQ GpYHORSSHPHQW HQWUH HQ
SXSDLVRQ SXLV GHYLHQW DSUqV OD PpWDPRUSKRVH XQH GURVRSKLOH DGXOWH /¶°XI PpODQLVp SHUVLVWH
FRPPH XQ FRUSV LQHUWH GDQV OH FRUSV GH OD GURVRSKLOH F\FOH EOHX
6L OD UpSRQVH LPPXQLWDLUH GH O¶K{WH Q¶HVW SDV HIILFDFH RX WURS WDUGLYH O¶°XI GH JXrSH Q¶HVW SDV
HQFDSVXOp HW YD pFORUH SRXU GRQQHU XQH ODUYH &HOOHFL YD VH QRXUULU GX FRUSV GH VRQ K{WH
HQWUDvQDQW OD PRUW GH FHOXLFL /H SDUDVLWH FRQWLQXH VRQ GpYHORSSHPHQW MXVTX¶j GHYHQLU XQH JXrSH













6L OD ODUYH GH GURVRSKLOH GpYHORSSH XQH UpSRQVH LPPXQLWDLUH VXIILVDPPHQW
HIILFDFHHWSUpFRFH OHGpYHORSSHPHQWGH O¶°XIGHJXrSHYDrWUHVWRSSp'DQV
FH VFpQDULR OD ODUYH GH GURVRSKLOH SRXUVXLW VRQ GpYHORSSHPHQW HW O¶°XI GH
JXrSHHQFDSVXOpPHXUWHWUHVWHFRPPHXQFRUSVLQHUWHGDQVODGURVRSKLOH














UpSRQVH LPPXQLWDLUHPLVHHQSODFHHQFHVHQV FI LQWURGXFWLRQ ,,,%(OOHPHWHQ
MHX OD SURGXFWLRQ PDVVLYH SXLV OD OLEpUDWLRQ GDQV OD FLUFXODWLRQ O\PSKDWLTXH GH
ODPHOORF\WHVjSDUWLUGH OD*/HWGHVFRPSDUWLPHQWVVHVVLOHV 0iUNXVHWDO
1pDQPRLQV OD ODUYHGHGURVRSKLOHPHWHQSODFHG¶DXWUHVPpFDQLVPHVGHGpIHQVH
TXL RQW SRXU EXW G¶pYLWHU G¶rWUH SDUDVLWp RX GH SHUPHWWUH GH ©VRLJQHUª OD ODUYH
LQIHFWpH.HHEDXJKDQG6FKOHQNH
$LQVLLODpWpREVHUYpTXHORUVTX¶HOOHVVRQWDWWDTXpHVSDUGHVJXrSHVOHVODUYHV




GH ODUYHV SDUDVLWpHV D XQ FRQWHQX HQ DOFRRO VXSpULHXU DX[ FRQWU{OHV 0LODQ HW DO
 /HV GURVRSKLOHV YLYDQW GDQV GHV IUXLWV HQ GpFRPSRVLWLRQ HOOHV VRQW HQ
SUpVHQFH GH SURGXLWV GH IHUPHQWDWLRQ /HV DXWHXUV SURSRVHQW TXH O¶DOFRRO SRXUUDLW
rWUH XWLOLVp SDU OHV ODUYHV FRPPH PpGLFDWLRQ SRXU IDYRULVHU O¶pOLPLQDWLRQ GX
SDWKRJqQH/HWDX[GHVXUYLHGHVSDUDVLWHVHVWHQHIIHWPRLQVLPSRUWDQWORUVTXHOHV
ODUYHV GH GURVRSKLOH VRQW QRXUULHV DYHF XQ PLOLHX FRQWHQDQW GH O¶DOFRRO 'H IDoRQ
LQWpUHVVDQWHTXDQGGHVGURVRSKLOHVDGXOWHVVRQWHQSUpVHQFHGHJXrSHVHOOHVRQW
WHQGDQFH j SRQGUH OHXUV°XIV VXU GHV VXEVWUDWV FRQWHQDQW GH SOXV KDXWV QLYHDX[
G¶DOFRROFHTXLSHUPHWWUDLWGHSURWpJHU OHXUGHVFHQGDQFH.DFVRKHWDO&H
FRPSRUWHPHQW HVW DVVRFLp j XQH UpGXFWLRQ GH OD TXDQWLWp GH QHXURSHSWLGH ) GDQV





SDU OD SUpVHQFH G¶XQ PLFURRUJDQLVPH (Q HIIHW OD SUpVHQFH GH Spiroplasma













3DUDVLWLVPH G¶K{WHV LPPXQRGpILFLHQWV RX WURS MHXQHV
SRXU PHWWUH HQ SODFH XQH UpSRQVH LPPXQLWDLUH





HQ SODFH GH OD
UpSRQVH LPPXQLWDLUH
3URWHFWLRQ DX QLYHDX GH
O¶°XI























































































)LJXUH   /H FRQWRXUQHPHQW GH OD UpSRQVH LPPXQLWDLUH GH O¶K{WH SDU GHV JXrSHV SDUDVLWRwGHV
/LVWH QRQ H[KDXVWLYH GHV VWUDWpJLHV GH YLUXOHQFH XWLOLVpHV SDU OHV JXrSHV SDUDVLWRwGHV SRXU FRQWRXUQHU OD
UpSRQVH LPPXQLWDLUH GH OHXU K{WH 9/3V  9LUXV /LNH 3DUWLFOHV 3'9  SRO\GQDYLUXV /HV 3'9 VRQW
LQGLTXpV SDU OHV LQLWLDOHV GH OHXU QRP ODWLQ VXLYL GH © 3'9 ª
WUDGXLW HW DGDSWp GH 3RLULp HW DO  VH UpIpUHU DX WH[WH SULQFLSDO HW j OD UHYXH GH 3RLULp HW DO 




$X FRXUV GH O¶pYROXWLRQ VRQW DSSDUXHV FKH] GLIIpUHQWHV HVSqFHV GH JXrSHV
SDUDVLWRwGHV GLIIpUHQWHV VWUDWpJLHV SRXU FRQWRXUQHU OD UpSRQVH LPPXQLWDLUH GH OHXU
K{WH /D PLVH HQ SODFH DX FRXUV GH O¶pYROXWLRQ GH PpFDQLVPHV GH GpIHQVH
LPPXQLWDLUHVGHSOXVHQSOXVSHUIHFWLRQQpVSDU O¶K{WHHQSDUDOOqOHGH O¶pYROXWLRQGH
VWUDWpJLHVGH FRQWRXUQHPHQWGH OD UpSRQVH LPPXQLWDLUHSDU OHSDWKRJqQHV¶DSSHOOH





&RQFHUQDQW O¶pYDVLRQ LPPXQLWDLUH SDVVLYH OHV JXrSHV Asobara tabida HW
Ganaspis sp1 SRQGHQW SDU H[HPSOH GHV °XIV SUpVHQWDQW GH IRUWHV SURSULpWpV
DGKpVLYHV$LQVLFHV°XIVVHWURXYHQWHQIRXLVGDQVOHVWLVVXVGHO¶K{WHHWVRQWSOXV
GLIILFLOHPHQW GpWHFWpV SDU OHV KpPRF\WHV FLUFXODQWV UHTXLV GDQV OD GpWHFWLRQ GX
SDWKRJqQH(VOLQDQG3UpYRVW0RUWLPHU
/HVGLIIpUHQWHVVWUDWpJLHVGHVXSSUHVVLRQLPPXQLWDLUHUHSRVHQWTXDQWjHOOHVVXU
OD SUpVHQFH GH IDFWHXUV GH YLUXOHQFH LQMHFWpV SDU OD IHPHOOH JXrSH ORUV GH
O¶RYLSRVLWLRQHWSURGXLWVSDUGHVJODQGHVjYHQLQ RXJODQGHVDQQH[HVTXL VpFUqWHQW
OHXUFRQWHQXGDQV OH WUDFWXVJpQLWDO $VJDULDQG5LYHUV&ROLQHWHWDO
&HV IDFWHXUV SHXYHQW rWUH GHV SURWpLQHV VpFUpWpHV GHV SDUWLFXOHV YLUDOHV
SRO\GQDYLUXV RX ELHQ GHV SDUWLFXOHV GH W\SH YLUDOPDLV QH FRQWHQDQW SDV G¶DFLGH
QXFOpLTXHHWDSSHOpHVHQFRQVpTXHQFH©9LUXV/LNH3DUWLFXOHVª9/33RLULpHWDO
 3DUPL OHV IDFWHXUV GH YLUXOHQFH VpFUpWpV VH WURXYH OD SURWpLQH Y6(5&$
SURGXLWHSDUODJXrSHGanaspis sp1TXLSUpVHQWHXQHIRUWHKRPRORJLHGHVpTXHQFH
DYHF OD SRPSH FDOFLTXH 6(5&$ 6DUFR(QGRSODVPLF 5HWLFXOXP&DOFLXP $73DVH
(Q GLPLQXDQW OH QLYHDX GH FDOFLXP GDQV O¶KpPRO\PSKH Y6(5&$ HPSrFKH OD
PLJUDWLRQGHVSODVPDWRF\WHVYHUV O¶°XIGHJXrSH8QHDXJPHQWDWLRQGXQLYHDXGH
FDOFLXP F\WRSODVPLTXH HVW HQ HIIHW QpFHVVDLUH GDQV OHV SODVPDWRF\WHV SRXU
SHUPHWWUHOHXUPLJUDWLRQDSUqVSDUDVLWLVPH0RUWLPHUHWDO/¶XQGHVIDFWHXUV
GH YLUXOHQFH OHV PLHX[ GpFULWV HVW OD SURWpLQH GH W\SH 5KR*DS DSSHOpH /E*DS

,QWURGXFWLRQ
SURYHQDQW GX YHQLQ GH OD JXrSH Leptopilina boulardi (Q LQWpUDJLVVDQW GDQV OHV
ODPHOORF\WHVDYHFOHV*73DVHV5DFHW5DF/E*DSPRGLILHODPRUSKRORJLHGHFHV
FHOOXOHV &ROLQHW HW DO  /DEURVVH HW DO  /HV SURSULpWpV DGKpVLYHV GHV
ODPHOORF\WHVVRQWpJDOHPHQWDOWpUpHVSDUGHVIDFWHXUVGHYLUXOHQFHSUpVHQWVGDQVOH
YHQLQ GHV JXrSHV Leptopilina boulardi HW heterotoma &HV IDFWHXUV GH YLUXOHQFH
PRGLILHQW HQ HIIHW OD JO\FRV\ODWLRQ GHV SURWpLQHV GH VXUIDFH GH FHV FHOOXOHV
LQWHUIpUDQW DLQVL DYHF OHXU IRQFWLRQ 0RUWLPHU HW DO  'H SOXV OH YHQLQ GH
FHUWDLQHV JXrSHV FRQWLHQW GHV IDFWHXUV LQKLELWHXUV GHV GLIIpUHQWHV YRLHV GH
VLJQDOLVDWLRQPLVHVHQMHXGDQVODUpSRQVHDXSDUDVLWLVPH6FKOHQNHHWDO/H
YHQLQ GHV JXrSHV Leptopilina boulardi HW Leptopilina heterotoma FRQWLHQW SDU
H[HPSOHGHV IDFWHXUVFDSDEOHVG¶LQKLEHU ODFDVFDGHGHPpODQLVDWLRQD\DQW OLHX ORUV
GHO¶HQFDSVXODWLRQ&ROLQHWHWDO&ROLQHWHWDO(QHIIHWOHYHQLQGHFHV
GHX[ HVSqFHV GH JXrSHV FRQWLHQW XQH 6XSHU2[LGH 'LVPXWDVH 62' FDSDEOH
G¶LQKLEHU in vitro O¶DFWLYLWp GHV 32 GH GURVRSKLOH &ROLQHW HW DO  &HUWDLQV
IDFWHXUV GH YLUXOHQFH FRQGXLVHQW j XQ GpILFLW GX QRPEUH GH FHOOXOHV LPPXQLWDLUHV
SUpVHQWHVGDQVO¶KpPRO\PSKHHQFDXVDQWOHXUPRUWSDUDSRSWRVHRXHQHPSrFKDQW
OD GLIIpUHQFLDWLRQ GHV ODPHOORF\WHV &KLX DQG *RYLQG  0RUDOHV HW DO 
5L]NLDQG5L]NL/HJpQRPHGHFHUWDLQVSRO\GQDYLUXVFRGHSRXUGHVSURWpLQHV
j GRPDLQH $QN\ULQH DSSHOpHV 9DQN\ULQHV KRPRORJXHV j OD SURWpLQH &DFWXV
UpJXODWHXUQpJDWLIGHODYRLH7ROO1)ț%PDLVGpSRXUYXHVGHVVpTXHQFHVUpJXODWULFHV
GH FHWWH SURWpLQH *XHJXHQ HW DO  'H SDU OHXU VWUXFWXUH OHV 9DQN\ULQHV
SRXUUDLHQW VpTXHVWUHU OHV IDFWHXUV GH WUDQVFULSWLRQ j GRPDLQH 5HO GH OD YRLH
7ROO1)ț% SDU OLDLVRQ GLUHFWH HPSrFKDQW DLQVL OHXU WUDQVORFDWLRQ QXFOpDLUH HW
O¶DFWLYDWLRQ GH OD YRLH GH VLJQDOLVDWLRQ 7ROO1)ț% /¶H[SUHVVLRQ HFWRSLTXH GH FHV
9DQN\ULQHV GDQV OHV KpPRF\WHV GH OD ODUYH GH GURVRSKLOH DIIHFWH O¶DFWLYDWLRQ GH OD




$X VHLQ G¶XQHPrPH HVSqFH GH JXrSH LO SHXW H[LVWHU GLIIpUHQWHV VRXFKHV (Q




























)LJXUH   5{OHV GH OD YRLH -$.67$7 GDQV OD */
 /¶DFWLYLWp GH OD YRLH -$.67$7 HVW QpFHVVDLUH DX PDLQWLHQ GH O¶KRPpRVWDVLH GH OD */ HQ
DEVHQFH GH SDUDVLWLVPH GDQV OD */ GH ODUYHV PXWDQWHV stat92E- % RQ REVHUYH XQH SHUWH
GX PDUTXDJH tep4 H[SULPp GDQV OHV SURJpQLWHXUV KpPDWRSRwpWLTXHV SDU UDSSRUW DX FRQWU{OH
$ DLQVL TX¶XQH DXJPHQWDWLRQ GX QRPEUH GH FHOOXOHV j FULVWDX[  YLVXDOLVpHV SDU OH PDUTXHXU
doxA3 &' &HV UpVXOWDWV LQGLTXHQW TXH OD YRLH -$.67$7 HVW UHTXLVH DX PDLQWLHQ GHV
SURJpQLWHXUV KpPDWRSRwpWLTXHV GDQV OD =0 LPDJHV H[WUDLWHV GH .U]HPLHQ HW DO 
 /D YRLH -$.67$7 HVW LQDFWLYpH GDQV OD =0 VXLWH DX SDUDVLWLVPH SDU GHV JXrSHV OH
PDUTXHXU dome0(62 YHUW GpFULW FRPPH XQ UDSSRUWHXU GH O¶DFWLYLWp GH OD YRLH -$.67$7
HVW H[SULPp GDQV OD =0 GDQV GHV ODUYHV VDXYDJHV HW GDQV GHV ODUYHV PXWDQWHV SRXU latran $
& + DSUqV SDUDVLWLVPH SDU GHV JXrSHV O¶H[SUHVVLRQ GH dome0(62 HVW IRUWHPHQW UpGXLWH
GDQV OD =0 GDQV OHV ODUYHV VDXYDJHV HW XQH GLIIpUHQFLDWLRQ LPSRUWDQWH GH ODPHOORF\WHV
PDUTXDJH Į36 URXJH HVW REVHUYpH GDQV OH FRQWU{OH % 'DQV OH PXWDQW latran
O¶H[SUHVVLRQ GX PDUTXHXU dome0(62 YHUW Q¶HVW SDV PRGLILpH DSUqV SDUDVLWLVPH HW VHXOV
TXHOTXHV ODPHOORF\WHV VH GLIIpUHQFLHQW URXJH ' &HV GRQQpHV VXJJqUHQW TXH O¶LQDFWLYDWLRQ
GH OD YRLH -$.67$7 GDQV OD =0 HVW QpFHVVDLUH j OD GLIIpUHQFLDWLRQ PDVVLYH GH ODPHOORF\WHV
HQ UpSRQVH DX SDUDVLWLVPH HW TXH /DWUDQ HVW UHTXLV GDQV FHWWH UpJXODWLRQ LPDJHV H[WUDLWHV GH
0DNNL HW DO 
 5HSUpVHQWDWLRQ VFKpPDWLTXH GX U{OH GH OD YRLH -$.67$7 GDQV OD */ HQ DEVHQFH GH
SDUDVLWLVPH OD YRLH -$.67$7 DFWLYpH GDQV OD =0 HPSrFKH OD GLIIpUHQFLDWLRQ GHV SURJpQLWHXUV
KpPDWRSRwpWLTXHV GH OD =0 + DSUqV SDUDVLWLVPH OD VXUH[SUHVVLRQ GH /DWUDQ FRQGXLW j
O¶LQDFWLYDWLRQ GH OD YRLH -$.67$7 GDQV OD =0 SHUPHWWDQW OD GLIIpUHQFLDWLRQ PDVVLYH GHV












EDFWpULHQQH HQWUDvQH XQ GpODL GH FURLVVDQFH DLQVL TXH OH GpVWRFNDJH GHV UpVHUYHV
pQHUJpWLTXHV'L$QJHORHWDO&HVHIIHWVVRQWGpSHQGDQWVGHO¶DFWLYDWLRQGHOD
YRLH7ROO1)ț%GDQV OH FRUSV JUDV TXL HQSOXV G¶LQGXLUH O¶H[SUHVVLRQGHPROpFXOHV
DQWLPLFURELHQQHV LQKLEH OD YRLH LQVXOLQH HQWUDvQDQW DLQVL XQH UpDOORFDWLRQ GHV
UHVVRXUFHVpQHUJpWLTXHVYHUV OHV FHOOXOHV LPPXQLWDLUHV&RPPHSRXU OHV LQIHFWLRQV
EDFWpULHQQHV OD UpSRQVH DX SDUDVLWLVPH SDU GHV JXrSHV PRELOLVH OHV UHVVRXUFHV




LPPXQLWDLUHV HQ FLUFXODWLRQ G¶XQH KRUPRQH O¶$GpQRVLQH $GR DJLVVDQW FRPPHXQ
VHQVHXU pQHUJpWLTXH /H UHODUJDJH GDQV O¶KpPRO\PSKH G¶$GR D SRXU FRQVpTXHQFH
XQH DXJPHQWDWLRQ GX WDX[ GH JOXFRVH TXL Q¶HVW SOXV VWRFNp HW VH WURXYH DLQVL




3OXVLHXUV YRLHV GH VLJQDOLVDWLRQ HW DFWHXUV PROpFXODLUHV LQWHUYHQDQW GDQV OH
FRQWU{OHGHODUpSRQVHDXSDUDVLWLVPHRQWpWpLGHQWLILpVSDUPLOHVTXHOVODYRLH-DQXV
7\URVLQH .LQDVH  6LJQDO 7UDQVGXFHUV DQG $FWLYDWRUV RI 7UDQVFULSWLRQ -$.67$7
$SUqV OLDLVRQGX OLJDQGVXUVRQUpFHSWHXU'RPHOHVV'RPH'RPHSKRVSKRU\OH OD
NLQDVH -$. DQFUpH j VD SDUWLH LQWUDFHOOXODLUH &KH] OD GURVRSKLOH OD NLQDVH -$.





FRQGXLW j OD SKRVSKRU\ODWLRQ SXLV OD WUDQVORFDWLRQ QXFOpDLUH GH6WDW( IDFWHXU GH
WUDQVFULSWLRQHIIHFWHXUGHODYRLH-$.67$70\OO\PlNLDQG5lPHW
/D SUHPLqUH pYLGHQFH G¶XQ U{OH GH OD YRLH -$.67$7 GDQV OD UpSRQVH DX
SDUDVLWLVPH D pWp GpFRXYHUWH ORUV GH O¶pWXGH G¶XQ PXWDQW JDLQGHIRQFWLRQ GH OD
NLQDVH +RS OH PXWDQW +RS7XP/ /XR HW DO  /¶DOOqOH hopTumL FRQGXLW j XQH
DFWLYDWLRQ FRQVWLWXWLYH GH OD VLJQDOLVDWLRQ -$.67$7 'DQV OHV ODUYHV PXWDQWHV
+RS7XP/XQHDXJPHQWDWLRQGXQRPEUHG¶KpPRF\WHVHQFLUFXODWLRQHVWREVHUYpHDLQVL






HW OH W\SH GH FHOOXOHV GDQV OHVTXHOV OD IRQFWLRQ -$.67$7HVW UHTXLVH Q¶HVW QH
VRQW SDV FODLUHPHQW LGHQWLILpV $X QLYHDX GH OD*/ OD YRLH -$.67$7HVW DFWLYH
GDQV OD=0HQ O¶DEVHQFHGHSDUDVLWLVPH.U]HPLHĔHWDO)LJXUH$SUqV




HQ DYDO GX UpFHSWHXU + DSUqV SDUDVLWLVPH OH QLYHDX G¶H[SUHVVLRQ GH /DWUDQ HVW
DXJPHQWp G¶XQ IDFWHXU  WDQGLV TXH FHOXL GH 'RPH HVW GLPLQXp GH PRLWLp /H




















)LJXUH   5{OH GHV 526 HW GH OD YRLH GH VLJQDOLVDWLRQ (*)5 GDQV OD UpSRQVH DX SDUDVLWLVPH
SDU GHV JXrSHV
(Q DEVHQFH GH SDUDVLWLVPH RQ QH GpWHFWH SDV GH 526 URXJH GDQV OH 36& PDUTXp SDU $QWS YHUW
DORUV TXH GHV 526 VRQW SUpVHQWV GDQV OD =0 IOqFKH $$¶ + DSUqV SDUDVLWLVPH SDU GHV JXrSHV
GHV 526 VRQW GpWHFWpV GDQV OH 36& %%¶
/H UDSSRUWHXU J5KR<)3 YHUW Q¶HVW SDV H[SULPp GDQV OD */ HQ SDUWLFXOLHU GDQV OH 36& $QWS
URXJH HQ DEVHQFH GH VWUHVV LPPXQLWDLUH &&¶ J5KR<)3 HVW SDU FRQWUH H[SULPp GDQV OH 36&  j
+ DSUqV SDUDVLWLVPH ''¶ J5KR<)3 HVW XQ UDSSRUWHXU GH O¶H[SUHVVLRQ GH OD SURWpLQH 5KR GRQW
OD IRQFWLRQ HVW GH PDWXUHU SDU FOLYDJH OH OLJDQG 6SL /¶H[SUHVVLRQ GH J5KR<)3 VXJJqUH GRQF TXH
VXLWH j XQ SDUDVLWLVPH OH OLJDQG 6SL HVW FOLYp HW DFWLYp GDQV OH 36& ,O YD GLIIXVHU HW DFWLYHU OD YRLH
(*)5 GDQV OHV KpPRF\WHV HQ FLUFXODWLRQ
6XLWH j XQ SDUDVLWLVPH GHV ODPHOORF\WHV / URXJH VRQW GpWHFWpV GDQV OD FLUFXODWLRQ O\PSKDWLTXH GH
ODUYHV VDXYDJHV ( HW OHV °XIV GH SDUDVLWHV VRQW HQFDSVXOpV *  OHV IOqFKHV LQGLTXHQW OD SUpVHQFH
G¶°XIV HQFDSVXOpV /RUVTXH O¶H[SUHVVLRQ GH 6SL HVW GLPLQXpH GDQV OH 36& $QWS*DO8$6
*)38$6VSL 51$L DXFXQ ODPHOORF\WH Q¶HVW GpWHFWpH HQ FLUFXODWLRQ DSUqV SDUDVLWLVPH ) HW OHV °XIV
GH JXrSHV QH VRQW SDV HQFDSVXOpV +
/H PRGqOH SURSRVp HVW TXH VXLWH j XQ SDUDVLWLVPH SDU GHV JXrSHV XQH SURGXFWLRQ GH 526 HVW LQGXLWH
GDQV OH 36& /D SUpVHQFH GH 526 DFWLYH OH FOLYDJH GH 6SL GDQV OH 36& YLD OD SURWpLQH 5KR 6SL FOLYp
YD GLIIXVHU GDQV O¶KpPRO\PSKH HW DFWLYHU OD YRLH (*)5 GDQV OHV KpPRF\WHV HQ FLUFXODWLRQ OHV SRXVVDQW
j VH GLIIpUHQFLHU HQ ODPHOORF\WHV
G¶DSUqV 6LQHQNR HW DO 

,QWURGXFWLRQ







GX QLYHDX GH 526 GDQV OD =0 HQWUDvQH OD GLIIpUHQFLDWLRQ SUpPDWXUpH GHV
SURJpQLWHXUV KpPDWRSRwpWLTXHV HQ SODVPDWRF\WHV HW FHOOXOHV j FULVWDX[ 2ZXVX
$QVDK DQG %DQHUMHH  /H QLYHDX GH 526 MRXH pJDOHPHQW XQ U{OH GDQV OD
UpSRQVHDXSDUDVLWLVPHSDUGHVJXrSHV+DSUqVSDUDVLWLVPH OHQLYHDXGH526
SUpVHQWGDQVOH36&DXJPHQWHGHIDoRQLPSRUWDQWHFRQGXLVDQWDXFOLYDJHGH6SLW]
6SL O¶XQGHV OLJDQGVGH ODYRLH(SLGHUPDO*URZWK)DFWRU5HFHSWRU (*)5 ,OHVW









XQH FDVFDGHSURWpRO\WLTXHDERXWLVVDQW j OD OLEpUDWLRQSDU FOLYDJH GH ODSDUWLH LQWUD
FHOOXODLUH GX UpFHSWHXU 1 DSSHOpH1LFG &HWWH IRUPH FOLYpH HW DFWLYH GH1 LQWpUDJLW
DYHFOHIDFWHXUGHWUDQVFULSWLRQ6XSSUHVVRURI+DLUOHVV6X+TXLSHXWDORUVDFWLYHU
OD WUDQVFULSWLRQGHFHVJqQHVFLEOHV %UD\&KH] ODGURVRSKLOH ODYRLH1HVW




GH ODYRLHHVWH[SULPpj OD IRLVGDQV OH36&HWGDQVTXHOTXHVFHOOXOHVGLVSHUVpHV

,QWURGXFWLRQ






TXL VXJJqUH TXH OD YRLH 1 HVW DXVVL UHTXLVH GH IDoRQ FHOOXODLUHDXWRQRPH j OD
GLIIpUHQFLDWLRQGHVFHOOXOHVjFULVWDX[GHOD*//HEHVWN\HWDO
/DYRLH1LQWHUYLHQWpJDOHPHQWHQUpSRQVHDXSDUDVLWLVPHSDUGHVJXrSHV6XLWH





*/ PDLV SDV GDQV OH 36& UpYpODQW XQ OLHQ SRVVLEOH HQWUH OHV 526 HW OD YRLH 1






GH OD YRLH -$.67$7 OD SUpVHQFH HFWRSLTXH GH ODPHOORF\WHV HW GH FDSVXOHV
PpODQRWLTXHVHQDEVHQFHGHVWUHVVLPPXQHVWREVHUYpHGDQVFHUWDLQVPXWDQWVGHOD
YRLH 7ROO1)ț% OHVPXWDQWV toll10B HW cactus 4LX HW DO &HV GHX[PXWDQWV
FRUUHVSRQGHQW j XQ JDLQGHIRQFWLRQ GH OD YRLH 7ROO1)ț% FI )LJXUH  SRXU OD
SUpVHQWDWLRQGHODYRLH/DPXWDWLRQtoll10BHVWXQHPXWDWLRQSRQFWXHOOHGDQVOHJqQH
FRGDQWSRXUOHUpFHSWHXU7ROOTXLHVWDORUVFRQVWLWXWLYHPHQWDFWLYpLQGpSHQGDPPHQW
GH OD SUpVHQFH GH VRQ OLJDQG WDQGLV TXH OH PXWDQW cactus HVW GpILFLHQW SRXU OD
SURWpLQH&DFWXV LQKLELWULFHGHODYRLH4LXHWDO&HVGRQQpHVVXJJqUHQWXQ
U{OHSRWHQWLHOGHO¶DFWLYDWLRQGHODYRLH7ROO1)ț%GDQVODUpSRQVHDXSDUDVLWLVPH/D
IRQFWLRQ GH OD YRLH 7ROO1)ț% GDQV OD UpSRQVH DX SDUDVLWLVPH D pWp YDOLGpH SDU
O¶DQDO\VH GH PXWDQWV SHUWHGHIRQFWLRQ GH SOXVLHXUV FRPSRVDQWV FDQRQLTXHV GH OD

,QWURGXFWLRQ
YRLH6RUUHQWLQRHWDO'DQVFHWWHpWXGH OHVDXWHXUVRQWPRQWUpTXH OH WDX[
G¶HQFDSVXODWLRQGHV°XIVGHJXrSHDSUqVSDUDVLWLVPHHVWIRUWHPHQWUpGXLWGDQVGHV





VWUHVV LPPXQ *XHJXHQ HW DO  /¶H[SUHVVLRQ GH 'ODF= GDQV OH 36& HVW
DXJPHQWpH G¶XQ IDFWHXU  DSUqV SDUDVLWLVPH HW XQH H[SUHVVLRQ de novo GH FH
WUDQVJqQHHVWREVHUYpHGDQVOHUHVWHGHOD*/&HVGRQQpHVVXJJqUHQWTXHODYRLH
1)ț%HVWDFWLYpHGH IDoRQG\QDPLTXHGDQV OD*/HWSOXVSDUWLFXOLqUHPHQWGDQV OH
36&HQUpSRQVHDXSDUDVLWLVPH(QDEVHQFHGHSDUDVLWLVPHO¶KRPpRVWDVLHGHOD*/
HVW OpJqUHPHQW PRGLILpH ORUVTXH OD SURWpLQH Y$QN\ULQH , LQKLELWULFH GH OD YRLH
7ROO1)ț% HVW VXUH[SULPpH GDQV OH 36& VXJJpUDQW XQ U{OH GH OD YRLH 7ROO1)ț%




ODF= GDQV OD*/ HW GH O¶HIIHW GH OD VXUH[SUHVVLRQ GHV Y$QN\ULQHV GDQV OHV FHOOXOHV


















SDU GHV JXrSHV FI LQWURGXFWLRQ ,,,&H 1pDQPRLQV VRQ U{OH DX QLYHDX GH
O¶RUJDQH KpPDWRSRwpWLTXH Q¶D SDV pWp FODLUHPHQW LGHQWLILp -¶DL GRQF HQWUHSULV
G¶pWXGLHU OD IRQFWLRQ GH OD YRLH 7ROO1)ț% GDQV OD */ ORUV GX SDUDVLWLVPH -¶DL SX
PRQWUHUTXH ODYRLH7ROO1)ț%HVWDFWLYpHGHIDoRQG\QDPLTXHGDQV OD*/VXLWHDX
SDUDVLWLVPH(QDEVHQFHGHSDUDVLWLVPHOHIDFWHXUGHWUDQVFULSWLRQ1)ț%'LIHVWDFWLI
GDQV OH 36& LQGpSHQGDPPHQW GH OD YRLH 7ROO1)ț% FDQRQLTXH HW UpJXOH
O¶KRPpRVWDVLHGHOD*/$SUqVSDUDVLWLVPHODYRLH7ROO1)ț%HVWDFWLYpHGDQVOD*/
G¶XQHSDUWGDQVOH36&YLDOHIDFWHXUGHWUDQVFULSWLRQ'LIHWG¶DXWUHSDUWGDQVOD=0
RX OHVGHX[ IDFWHXUVGH WUDQVFULSWLRQ1)ț%'OHW'LI FRQWULEXHjVRQDFWLYDWLRQ'H
SOXVM¶DLPRQWUpTXHO¶DFWLYLWpGH'LIDLQVLTXHO¶DFWLYDWLRQGHODYRLH7ROO1)ț%GDQVOH
36& VRQW QpFHVVDLUHV DSUqV SDUDVLWLVPH j OD GLVSHUVLRQ GH OD */ TXL SHUPHW OH








SDUDVLWLVPH SDU GHV JXrSHV 0HV UpVXOWDWV pWDEOLVVHQW TXH O¶DFWLYDWLRQ GH OD YRLH
7ROO1)ț% GDQV OH 36& HVW GpSHQGDQWH G¶XQ KDXW QLYHDX GH 526 WDQGLV TXH OHV
YRLHV GH VLJQDOLVDWLRQ 7ROO1)ț% HW (*)5 DJLVVHQW HQ SDUDOOqOH SRXU FRQWU{OHU OD
GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH 0HV WUDYDX[ RQW GRQF SHUPLV G¶pWDEOLU XQ
QRXYHDX UpVHDX JpQpWLTXH GDQV OD ©QLFKH KpPDWRSRwpWLTXHª GH OD GURVRSKLOH
LPSOLTXpGDQV ODPLVHHQSODFHGH OD UpSRQVH LPPXQLWDLUHFHOOXODLUHDXSDUDVLWLVPH
SDUGHVJXrSHV&HVREVHUYDWLRQVIDLWHVFKH]OD'URVRSKLOHSRVHQWODTXHVWLRQGHOD








7ROO1)ț% GHSHQGHQW QLFKH DFWLYDWLRQ FRQWUROVDrosophila LPPXQH UHVSRQVH
XSRQZDVSSDUDVLWLVP
Isabelle Louradour, Ismaël Morin-Poulard, Anurag Sharma, Alain Vincent, Michèle 
Crozatier* and Nathalie Vanzo* 

&HQWUHGH%LRORJLHGX'pYHORSSHPHQW805&1568QLYHUVLWp7RXORXVH,,,DQG














7KH FHOOXODU LPPXQH UHVSRQVH UHOLHV RQ LPPXQHEORRG FHOOV SURGXFHG
GXULQJKHPDWRSRLHVLV,QPDPPDOVDVSHFLDOL]HGPLFURHQYLURQPHQWFDOOHGWKH
³KHPDWRSRLHWLF QLFKH´ UHJXODWHV WKH VHOIUHQHZDO DQG GLIIHUHQWLDWLRQ RI WKH
+HPDWRSRLHWLF6WHP&HOOV+6&V+RZHYHUWKHUROHRIWKHKHPDWRSRLHWLFQLFKH
LQWKHFRQWURORIWKHFHOOXODULPPXQHUHVSRQVHUHPDLQVXQFOHDU,QDrosophila
WKH ODUYDO KHPDWRSRLHWLF RUJDQ LV WKH /\PSK *ODQG /* :LWKLQ WKH /* WKH
3RVWHULRU 6LJQDOLQJ &HQWHU 36& SOD\V D UROH HTXLYDOHQW WR D QLFKH E\
UHJXODWLQJ WKH EDODQFH EHWZHHQ SURJHQLWRUV DQG GLIIHUHQWLDWHG EORRG FHOOV
8SRQZDVSSDUDVLWLVPWKH36&FRQWUROVWKHFHOOXODULPPXQHUHVSRQVHEXWWKH
PHFKDQLVPV LQYROYHG DUH ODUJHO\ XQNQRZQ +HUH ZH UHSRUW WKDW XSRQ
SDUDVLWLVP WKH 7ROO1)ț% VLJQDOLQJ SDWKZD\ LV DFWLYDWHG WKURXJK WKH 1)ț%
WUDQVFULSWLRQ IDFWRU'LI LQ 36& FHOOV DQG WKDW LW LV UHTXLUHG IRUPRXQWLQJ WKH
DSSURSULDWHFHOOXODULPPXQHUHVSRQVH)XUWKHUPRUHZHHVWDEOLVKDUHJXODWRU\
QHWZRUN LQYROYLQJ WKH7ROO1)ț%DQG(*)5VLJQDOLQJSDWKZD\V WRJHWKHUZLWK
LQFUHDVHG 526 OHYHOV WR FRQWURO WKH 'URVRSKLOD LPPXQH UHVSRQVH :KHWKHU












VWXG\ in vivo KHPDWRSRLHVLV DQG WKH LQQDWH LPPXQH UHVSRQVH EDVHG RQ WKH KLJK
FRQVHUYDWLRQ RI JHQHV DQG PROHFXODU FDVFDGHV GXULQJ HYROXWLRQ 'URVRSKLOD
KHPDWRSRLHVLV RFFXUV DW WKH ODUYDO VWDJH LQ D VSHFLDOL]HG RUJDQ FDOOHG WKH /\PSK

5pVXOWDWV




SURJHQLWRUV RU SURKHPRF\WHV WKH H[WHUQDO SDUW WHUPHG WKH &RUWLFDO =RQH &= LV
FRPSRVHGRI GLIIHUHQWLDWHG LPPXQHEORRG FHOOV FDOOHGKHPRF\WHV LQ LQVHFWV DQGD
VPDOOJURXSRIFHOOVORFDOL]HGDWWKHSRVWHULRUWLSRIWKHOREHDQGWHUPHGWKH3RVWHULRU
6LJQDOLQJ&HQWHU 36& UHJXODWHV/*KRPHRVWDVLV -XQJHWDO.U]HPLHQHW
DO.U]HPLHĔHWDO0DQGDOHWDO,WKDVEHHQSURSRVHGWKDWWKH
36& DFWV DV D ³KHPDWRSRLHWLF QLFKH´ DV LW UHJXODWHV WKH EDODQFH EHWZHHQ
SURKHPRF\WHVDQGGLIIHUHQWLDWHGFHOOV%HQPLPRXQHWDO'UDJRMORYLF0XQWKHU
DQG0DUWLQH]$JRVWR.U]HPLHĔHWDO/DPHWDO0DQGDOHWDO
 0RQGDO HW DO  0RQGDO HW DO  ,Q WKH DEVHQFH RI DQ LPPXQH
FKDOOHQJH WZRW\SHVRI LPPXQHEORRGFHOOVDUHSURGXFHG LQ WKH/*SODVPDWRF\WHV
FRUUHVSRQGLQJWRPDFURSKDJHVLQPDPPDOVDQGFU\VWDOFHOOVUHODWHGWRSODWHOHWVDQG
LQYROYHGLQWKHPHODQLVDWLRQSURFHVVDQLQVHFWVSHFLILFLPPXQHGHIHQVH,QUHVSRQVH
WR LPPXQH FKDOOHQJHV LQ SDUWLFXODU XSRQ ZDVS SDUDVLWLVP /* KRPHRVWDVLV LV
GUDVWLFDOO\ PRGLILHG .U]HPLHĔ HW DO  3DUDVLWRLG ZDVSV VXFK DV Leptopilina
boulardiOD\WKHLUHJJVLQVLGH'URVRSKLODODUYDHOHDGLQJWRWKHPDVVLYHGLIIHUHQWLDWLRQ
RIWKH0=KHPDWRSRLHWLFSURJHQLWRUVLQWRDWKLUGLPPXQHFHOOW\SHFDOOHGODPHOORF\WHV
7KH /* WKHQ GLVSHUVHV SUHPDWXUHO\ DQG ODPHOORF\WHV DUH UHOHDVHG LQWR WKH
KHPRO\PSK/DQRWHWDO/DPHOORF\WHVDUHELJ IODWWHQHGFHOOV LQYROYHG LQ WKH
HQFDSVXODWLRQ RI REMHFWV WRR ODUJH WR EH SKDJRF\WRVHG VXFK DV ZDVS HJJV 7KH
ZDVS HJJ HQFDSVXODWLRQ UHVXOWV LQ LWV QHXWUDOL]DWLRQ DQG WKXV DOORZV 'URVRSKLOD WR
ILJKW WKLV LQIHFWLRQ .HHEDXJK DQG 6FKOHQNH 0iUNXV HW DO  5L]NL DQG
5L]NL6RUUHQWLQRHWDO
7KH 36& SOD\V D FULWLFDO UROH LQ PRXQWLQJ WKH FHOOXODU LPPXQH UHVSRQVH
DJDLQVWZDVS SDUDVLWLVP ,QGHHG LQ WKH DEVHQFH RI 36& FHOOV DV REVHUYHG LQ WKH
col1QXOOPXWDQWRUZKHQWKHreaperSURDSRSWRWLFJHQHLVH[SUHVVHGLQWKH36&QR
ODPHOORF\WHV DUH SURGXFHG LQVLGH WKH /* XSRQ ZDVS SDUDVLWLVP &UR]DWLHU HW DO
 .U]HPLHĔ HW DO  5HFHQWO\ 6LQHQNR HW DO HVWDEOLVKHG WKDW  KRXUV












ODPHOORF\WH SURGXFWLRQ DQG WKH SUHVHQFH RI PHODQRWLF FDSVXOHV LQ WKH DEVHQFH RI
LPPXQH FKDOOHQJH DUH REVHUYHG ZKHQ WKH 7ROO1)ț% SDWKZD\ LV FRQVWLWXWLYHO\
DFWLYDWHGVXFKDVLQWKHtoll10BPXWDQW4LXHWDO,Q'URVRSKLODWKH7ROO1)ț%
SDWKZD\LVDFWLYDWHGE\WKHELQGLQJRILWVOLJDQG6SlW]OHRQWKHUHFHSWRU7ROOOHDGLQJ
WR D SKRVSKRU\ODWLRQ FDVFDGH LQYROYLQJ WKH3HOOH 3OO NLQDVH 7KLV SKRVSKRU\ODWLRQ
FDVFDGH HQGV XS LQ WKH SKRVSKRU\ODWLRQ RI &DFWXV WKH 'URVRSKLOD KRPRORJXH RI
³,QKLELWRU RI 1)ț%´ ,ț% 3KRVSKRU\ODWHG &DFWXV LV GHJUDGHG E\ WKH SURWHDVRPH
OHDGLQJ WR WKH UHOHDVH RI WKH 1)ț% WUDQVFULSWLRQ IDFWRUV 'RUVDO 'O DQG 'RUVDO
UHODWHG LPPXQLW\ IDFWRU 'LI ZKLFK WUDQVORFDWH LQWR WKH QXFOHXV DQG DFWLYDWH
WUDQVFULSWLRQ RI WKHLU WDUJHW JHQHV +HWUX DQG +RIIPDQQ  /HPDLWUH DQG
+RIIPDQQ7KH7ROO1)ț%VLJQDOLQJ SDWKZD\ LV HYROXWLRQDULO\ FRQVHUYHGDQG
SOD\VDNH\UROHLQWKHKXPRUDO LPPXQHUHVSRQVHERWKLQ'URVRSKLODDQGPDPPDOV
+D\GHQ DQG *KRVK  +HWUX DQG +RIIPDQQ  /HPDLWUH DQG +RIIPDQQ
KRZHYHULWVUROHLQWKHFHOOXODULPPXQHUHVSRQVHUHPDLQVXQFOHDU
+HUH ZH LQYHVWLJDWH WKH UROH RI WKH 7ROO1)ț% VLJQDOLQJ SDWKZD\ LQ WKH /*
XSRQZDVSSDUDVLWLVP:HUHSRUWWKDWXSRQZDVSSDUDVLWLVPWKH7ROO1)ț%SDWKZD\
LVDFWLYDWHGLQ36&FHOOVWKURXJKWKH1)ț%WUDQVFULSWLRQIDFWRU'LIDQGLVUHTXLUHGIRU
/*GLVSHUVLRQDQG ODPHOORF\WH UHOHDVH LQ WKHKHPRO\PSK7KLV LV IROORZHGE\ZDVS
HJJ HQFDSVXODWLRQ DQG VXFFHVVIXO SDUDVLWLVP ILJKWLQJ 8SRQ SDUDVLWLVP 7ROO1)ț%
SDWKZD\DFWLYDWLRQ LQ36&FHOOV LVGHSHQGHQWRQKLJK526 OHYHOV2XUGDWD IXUWKHU
HVWDEOLVKWKDWWKH(*)5SDWKZD\LVDOVRUHTXLUHGLQ/*KHPDWRSRLHWLFSURJHQLWRUVWR
FRQWURO WKH RUJDQ GLVSHUVLRQ XSRQ SDUDVLWLVP $OWRJHWKHU RXU GDWD VKRZ WKDW






8SRQSDUDVLWLVP WKH 7ROO1)ț% VLJQDOLQJ SDWKZD\ FRQWUROV /*GLVSHUVLRQ YLD
'LI
6HYHUDOFRPSRQHQWVRIWKH7ROO1)ț%VLJQDOLQJSDWKZD\LQFOXGLQJWKH3HOOH3OO




ZDVS SDUDVLWLVP 'LVSHUVLRQ RI /* SULPDU\ OREHV RFFXUV DQG OHDGV WR ODPHOORF\WH








dif QXOOPXWDQWdif1)LJ'ZKHUHDV/*VDUHGLVSHUVHGLQDdorsal (dl) QXOOPXWDQW
DV LQZW dl1 )LJ& 7KLV LQGLFDWHV WKDW'LI DQG QRW'O LV WKH1)ț% WUDQVFULSWLRQ
IDFWRU UHTXLUHGGRZQVWUHDPRI WKH7ROO1)ț%SDWKZD\ IRU/*GLVSHUVLRQXSRQZDVS
SDUDVLWLVP 7KLV LV FRQILUPHG E\ DQDO\]LQJ /* GLVSHUVLRQ LQ WUDQVKHWHUR]\JRXV
PXWDQW FRQWH[WV XVLQJ WKH - GHILFLHQF\ WKDW UHPRYHV ERWK dif DQG dl JHQHV VXS
)LJ &RPSDUHG WR ZW ODUYDH - ODUYDH SUHVHQW D PRGHUDWH /* GLVSHUVLRQ
SKHQRW\SHXSRQSDUDVLWLVPRIWKH/*VDUHGLVSHUVHGGLVSHUVLQJDQG
LQWDFWFRPSDUHGWRGLVSHUVHGGLVSHUVLQJDQGLQWDFW LQFRQWUROV7KLV
VXJJHVWV WKDW'LIDQGRU'O LVDUHFUXFLDO IRU/*GLVSHUVLRQDQG WKDW UHPRYLQJRQH
FRS\ RI WKRVH JHQHV OHDGV WR D VOLJKW /* GLVSHUVLRQ GHIHFWdl1-PXWDQW ODUYDH
KDYH D  SKHQRW\SH HTXLYDOHQW WR - LQGLFDWLQJ WKDW WKH DEVHQFH RI 'O GRHVQ¶W
LQFUHDVHWKHSKHQRW\SH,QFRQWUDVW/*GLVSHUVLRQGHIHFWVDUHVWURQJO\HQKDQFHGLQ






ZRQGHUHG ZKHWKHU 'LI DQG WKH 7ROO1)ț% SDWKZD\ ZHUH UHTXLUHG IRU PDVVLYH /*
ODPHOORF\WH GLIIHUHQWLDWLRQ 7R LGHQWLI\ ODPHOORF\WHV Į36 ODEHOOLQJ ZDV SHUIRUPHG
.U]HPLHĔHWDO:KHUHDV ODPHOORF\WHVDUHSUHVHQW LQFRQWURO/*V+SRVW
SDUDVLWLVP )LJ) QR ODPHOORF\WHV DUH GHWHFWHG LQ dif1 PXWDQW /*V )LJ* +
SRVWSDUDVLWLVPZKHUHDVFRQWURO/*VDUHGLVSHUVHGLQdif1DQGpll2/pll7PXWDQWVWKH
/*V UHPDLQ LQWDFW DQG FRQWDLQ IHZ ODPHOORF\WHVDW WKH FRUWH[ )LJ+,$OWRJHWKHU
WKHVHGDWD LQGLFDWH WKDWERWK7ROO1)ț%SDWKZD\DFWLYDWLRQDQG'LIDUHQRW UHTXLUHG








ZKHUHDV+SRVWSDUDVLWLVP LWV H[SUHVVLRQ LV LQFUHDVHG LQ36&FHOOV DQGde novo
H[SUHVVLRQLVGHWHFWHGLQ0=FHOOV)LJ(*'LIKDVDVLPLODUH[SUHVVLRQSDWWHUQDV
LW LVH[SUHVVHG LQ36&FHOOV LQ WKHDEVHQFHRISDUDVLWLVPDQGERWK LQ36&DQG0=
FHOOV+SRVWSDUDVLWLVP)LJ$%,QWKHDEVHQFHRISDUDVLWLVP'OLVQRWH[SUHVVHG
LQ 36& FHOOV ZKHUHDV F\WRSODVPLF 'O LV REVHUYHG LQ 0= FHOOV )LJ& + SRVW
SDUDVLWLVPZKLOH'OLVPDLQO\ORFDWHGLQWKHQXFOHXVRI0=FHOOVLWLVQRWH[SUHVVHGLQ
36&FHOOV )LJ'7RGHILQH WKH UHVSHFWLYHFRQWULEXWLRQRI'LIDQG'O LQFRQWUROOLQJ
'ODF= H[SUHVVLRQ ZH HVWDEOLVKHG LWV H[SUHVVLRQ SDWWHUQ LQ ERWK dif1 DQG dl1
PXWDQWVZLWKRXWDQG+SRVWSDUDVLWLVP ,QERWK FRQGLWLRQV'ODF=H[SUHVVLRQ LV
ORVW LQ 36& FHOOV LQ dif1 PXWDQW )LJ+, ZKHUHDV LW LV QRW DIIHFWHG LQdl1PXWDQW
VXS )LJ 7KXV LQ 36& FHOOV 'LI DQG QRW 'O FRQWUROV 'ODF= H[SUHVVLRQ :H
ORRNHG DW 'ODF= H[SUHVVLRQ LQ pll2pll7 PXWDQW ZKHUH 7ROO1)ț% DFWLYDWLRQ
6XUSULVLQJO\ ZLWKRXW SDUDVLWLVP 'ODF= H[SUHVVLRQ LQ 36& FHOOV LV QRW DIIHFWHG LQ





GHWHFWDEOH LQ 0= FHOOV )LJ./ 7KHVH GDWD LQGLFDWH WKDW LQ WKH DEVHQFH RI
SDUDVLWLVP'ODF=H[SUHVVLRQLQ36&FHOOVLVGHSHQGHQWRQ'LIEXWLQGHSHQGHQWRI
7ROO1)ț% SDWKZD\ DFWLYDWLRQ ZKHUHDV LQ FRQWUDVW XSRQ SDUDVLWLVP 'ODF=
XSUHJXODWLRQ LQ 36& FHOOV DQG LWV de novo H[SUHVVLRQ LQ0= FHOOV LV FRQWUROOHG E\




$V WKH 7ROO1)ț% SDWKZD\ LV DFWLYDWHG LQ 36& FHOOV XSRQ SDUDVLWLVP ZH
LQYHVWLJDWHGLWVUROHLQWKHVHFHOOV:HGHFUHDVHGpllRUdifLQ36&FHOOVE\H[SUHVVLQJ
51$L XVLQJ WKH 36&VSHFLILF col GULYHU DQG DQDO\]HG /* GLVSHUVLRQ + SRVW
SDUDVLWLVP ,Q ERWK FDVHV col!pll .'DQGcol!dif .' DQG RI /*VZHUH
GLVSHUVHGFRPSDUHGWRLQFRQWURO/*V)LJ$&7KHVHGDWDHVWDEOLVKWKDW
'LI DQG WKH DFWLYDWLRQ RI WKH 7ROO1)ț% SDWKZD\ DUH ERWK UHTXLUHG LQ 36& FHOOV WR
FRQWURO/*GLVSHUVLRQXSRQSDUDVLWLVP$V'LI LVH[SUHVVHGLQ36&FHOOVERWK LQWKH




WKH 7ROO 1)ț% SDWKZD\ LV LQDFWLYDWHG LQ 36& FHOOV SRVW SDUDVLWLVP
tubgal80tsantp>cactus>dif.'GHVLJQDWHGDV212))RI/*VDUHGLVSHUVHG





DQGSRVWSDUDVLWLVP IRU/*GLVSHUVLRQ ,QKLELWLQJSRVW SDUDVLWLVP6SlW]OH 6S] WKH
OLJDQG RI WKH 7ROO1)ț% SDWKZD\ OHDGV WR D /* GLVSHUVLRQ GHIHFW  RI /*V DUH
GLVSHUVHG+SRVWSDUDVLWLVPFRPSDUHG WRRI WKHFRQWURO/*V )LJ*+ ,Q
DGGLWLRQ LQ dif1 PXWDQW RU ZKHQ 'LI LV GHFUHDVHG LQ 36& FHOOV LQ DEVHQFH RI
SDUDVLWLVPERWKDGHFUHDVHGH[SUHVVLRQRIWKH'RPH0(62*)30=PDUNHUDQGD
UHGXFHGQXPEHURIFU\VWDOFHOOVDUHREVHUYHG VXS)LJ$VOLJKW LQFUHDVH LQ36&

5pVXOWDWV
FHOO QXPEHU FRPSDUHG WR FRQWUROV LV DOVR REVHUYHG 7KLV LQGLFDWHV WKDW XQGHU








3UHYLRXV VWXGLHV HVWDEOLVKHG WKDW 36& FHOOV SOD\ D NH\ UROH LQ FRQWUROOLQJ /*
ODPHOORF\WHGLIIHUHQWLDWLRQXSRQZDVSSDUDVLWLVP&UR]DWLHUHWDO.U]HPLHĔHW
DO  $ UHFHQW VWXG\ IXUWKHU GHPRQVWUDWHG WKDW ZDVS SDUDVLWLVP OHDGV WR
LQFUHDVHG526 OHYHOV LQ36&FHOOV DQG WKDW GHFUHDVLQJ526 OHYHOV LQ WKRVH FHOOV
OHDGVWRDGHIHFWLQZDVSHJJHQFDSVXODWLRQ6LQHQNRHWDO%DVHGRQWKHVH
GDWD ZH LQYHVWLJDWHG ZKHWKHU D IXQFWLRQDO OLQN H[LVWV EHWZHHQ 526 OHYHOV DQG
7ROO1)ț% SDWKZD\ DFWLYDWLRQ LQ 36& FHOOV XSRQ SDUDVLWLVP )LUVW ZH GHWHUPLQHG
ZKHWKHUWKHLQFUHDVHLQ526OHYHOVLQ36&FHOOV+SRVWSDUDVLWLVPLVGHSHQGHQWRQ
7ROO1)ț% DFWLYDWLRQ :H DQDO\]HG WKH H[SUHVVLRQ RI WKH *VW'ODF= WUDQVJHQH D
UHSRUWHU IRU526SURGXFWLRQ 6\NLRWLV DQG%RKPDQQ  ,Q FRQWURO /*VZLWKRXW




RQO\ LQ 36& EXW LQ DOO /* FHOOV 'HFUHDVLQJ 526 OHYHOV LQ 36& FHOOV + SRVW
SDUDVLWLVPE\H[SUHVVLQJ&DWDODVHcol!catalaseOHDGVWRDVWURQJGHFUHDVHLQ*VW'
ODF=H[SUHVVLRQ LQ36&FHOOV )LJ&( ,QWHUHVWLQJO\*VW'ODF=H[SUHVVLRQ LVDOVR
GHFUHDVHGLQRWKHU/*FHOOVUHYHDOLQJDFURVVUHJXODWLRQEHWZHHQ36&DQG0=FHOOV
IRU FRQWUROOLQJ 526 OHYHOV )LJ&) 'HFUHDVLQJ 'LI DQG LQDFWLYDWLQJ 7ROO1)ț%
VLJQDOLQJ LQ36&FHOOV col!cactus!dif.'+SRVW SDUDVLWLVPGRHVQ¶W DIIHFW*VW'
ODF= H[SUHVVLRQ LQ 36& FHOOV VXJJHVWLQJ WKDW LQ WKHVH FHOOV WKH LQFUHDVH LQ 526
OHYHOV LV LQGHSHQGHQW RI 7ROO1)ț% DFWLYDWLRQ )LJ'( 'HFUHDVLQJ526 OHYHOV LQ
36& FHOOV col!catalase OHDGV WR D GHIHFW LQ /* GLVSHUVLRQ + SRVW SDUDVLWLVP

5pVXOWDWV
)LJ*- LQGLFDWLQJ WKDW LQFUHDVLQJ36&526 OHYHOV LV UHTXLUHG IRU/*GLVSHUVLRQ
7R IXQFWLRQDOO\ OLQN 526 OHYHOV DQG 36& 7ROO1)ț% DFWLYDWLRQ LQ WKH FRQWURO RI /*
GLVSHUVLRQ ZH SHUIRUPHG UHVFXH H[SHULPHQWV 7KH H[SUHVVLRQ RI 8$67ROO%
WUDQVJHQHZKLFKHQFRGHVDFRQVWLWXWLYHO\DFWLYHIRUPRIWKH7ROOUHFHSWRU4LXHWDO
UHVXOWVLQFRQVWLWXWLYHDFWLYDWLRQRIWKH7ROO1)ț%SDWKZD\:LWKRXWSDUDVLWLVP
GLIIHUHQWLDWHG ODPHOORF\WHVDUHGHWHFWHG LQ WKH&=RIcol!Toll10B/*VDQG WKH/*V
UHPDLQ LQWDFW VXS)LJ+SRVWSDUDVLWLVPcol!Toll10B/*VDUHGLVSHUVHGDV LQ
FRQWUROV)LJ+QRWTXDQWLILHG7KH/*GLVSHUVLRQGHIHFWREVHUYHGZKHQ526OHYHOV
DUH GHFUHDVHG LQ 36& FHOOV LV SDUWLDOO\ UHVFXHG E\ WKH FRQVWLWXWLYH DFWLYDWLRQ RI
7ROO1)ț% SDWKZD\ LQ WKHVH FHOOV col>catalase>Toll10B )LJ,- $OWRJHWKHU WKHVH
GDWD LQGLFDWH WKDW 7ROO1)ț% SDWKZD\ DFWLYDWLRQ LQ 36& FHOOV XSRQ SDUDVLWLVP LV
GHSHQGHQWRQLQFUHDVHG526OHYHOV

7ROO1)ț%DQG(*)5VLJQDOLQJSDWKZD\VDFW LQGHSHQGHQWO\ WR FRQWURO WKH/*
GLVSHUVLRQXSRQSDUDVLWLVP
,QDSUHYLRXVVWXG\6LQHQNRHWDOHVWDEOLVKHGWKDWWKH(*)5VLJQDOLQJSDWKZD\LV
UHTXLUHG IRU ZDVS HQFDSVXODWLRQ 7KH DXWKRUV SURSRVHG WKDW LQ UHVSRQVH WR ZDVS





RI WKH6SL OLJDQG LQ WKH36& antp!spi .' OHDGV WR RI /*V GLVSHUVLRQ XSRQ






FHOOV )LJ' + SRVW SDUDVLWLVP S(5. LV REVHUYHG LQ 0= EXW QRW LQ 36& FHOOV
)LJ( 7KLV VXJJHVWV WKDW ZLWKRXW SDUDVLWLVP WKH (*)5 SDWKZD\ LV LQDFWLYH
ZKHUHDV LW LV DFWLYDWHG LQ 0= FHOOV XSRQ ZDVS SDUDVLWLVP $V 7ROO1)ț% DQG WKH

5pVXOWDWV
(*)5 SDWKZD\V DUH ERWK UHTXLUHG IRU /* GLVSHUVLRQ SRVW SDUDVLWLVP ZH DVNHG
ZKHWKHU WKHUH LV DQ\ FURVVWDON EHWZHHQ WKHP 2QH K\SRWKHVLV LV WKDW 7ROO1)ț%
DFWLYDWLRQ LQ36&FHOOVPLJKW FRQWURO6SL DFWLYDWLRQXSRQSDUDVLWLVP:HSHUIRUPHG
UHVFXHH[SHULPHQWVE\VLPXOWDQHRXVO\H[SUHVVLQJLQ36&FHOOVDVHFUHWHGIRUPRI6SL
DQG&DFWXVWKDWOHDGVWR7ROO1)ț%SDWKZD\LQKLELWLRQantp!cactus!F6SL+SRVW
SDUDVLWLVPRI/*VDUHGLVSHUVHG LQ WKLVFRQGLWLRQZKLFK LVVLPLODU WRZKHQ WKH
7ROO1)ț% SDWKZD\ DORQH LV LQKLELWHG  )LJ*+ :LWKRXW SDUDVLWLVP F6SL
RYHUH[SUHVVLRQ LQ 36& FHOOV col!F6SL OHDGV WR WKH GLIIHUHQWLDWLRQ RI D IHZ
ODPHOORF\WHVLQWKH/*DQG/*SULPDU\OREHVUHPDLQLQWDFWVXS)LJZKHUHDV+






JHQHWLFQHWZRUN LQYROYHG LQ WKHFRQWURORI/*GLVSHUVLRQ )LJ:LWKRXWSDUDVLWLVP
'LI LV H[SUHVVHG LQ36& FHOOV DQG DFWV LQGHSHQGHQWO\ RI WKH7ROO1)ț%SDWKZD\ WR
FRQWURO WKH QXPEHU RI 36& FHOOV DQG /* KRPHRVWDVLV )LJ$ + SRVW ZDVS
SDUDVLWLVP 526 OHYHOV DUH LQFUHDVHG LQ 36& FHOOV DQG LQGXFH ERWK 7ROO1)ț%
DFWLYDWLRQDQG WKHSURGXFWLRQRIF6SL LQ36&FHOOVF6SL LQ WXUQDFWLYDWHV WKH(*)5
SDWKZD\ LQ0= FHOOV )LJ% 7RJHWKHU KLJK 526 OHYHOV DQG WKH DFWLYDWLRQ RI WKH
7ROO1)ț%DQG(*)5SDWKZD\V LQ36&DQG0=FHOOV UHVSHFWLYHO\DUH UHTXLUHG IRU
/*GLVSHUVLRQXSRQSDUDVLWLVP7KLVOHDGVWRDPDVVLYHUHOHDVHRIODPHOORF\WHVLQWKH




,Q WKLV VWXG\ ZH HVWDEOLVK WKDW XSRQ SDUDVLWLVP WKH 7ROO1)ț% SDWKZD\
WKURXJK'LILVDFWLYDWHGLQ36&FHOOVDQGLVUHTXLUHGIRU/*GLVSHUVLRQZKLFKLVDNH\
VWHSIRUZDVSHJJHQFDSVXODWLRQDQGDVXFFHVVIXOILJKWDJDLQVWZDVSSDUDVLWLVP:H




OHDGV WR WKHDFWLYDWLRQRI WKH7ROO1)ț%DQG(*)5VLJQDOLQJSDWKZD\V LQ36&DQG
0=FHOOVUHVSHFWLYHO\ERWKDFWLQJLQGHSHQGHQWO\WRFRQWURO/*GLVSHUVLRQ
8SRQ SDUDVLWLVP WKH UHOHDVH RI ODPHOORF\WHV IURP /*V UHSUHVHQWV D FUXFLDO
HYHQW IRUGURVRSKLOD LQ LWV ILJKWDJDLQVWZDVSSDUDVLWLVPHYHQWKRXJKWKHPROHFXODU
SURFHVVHV LQYROYHG LQ /* GLVSHUVLRQ XSRQ SDUDVLWLVP UHPDLQ XQNQRZQ 2QH
K\SRWKHVLV LV WKDW WKH PDVVLYH GLIIHUHQWLDWLRQ RI ODPHOORF\WHV ZKLFK DUH ODUJH IODW
FHOOV LQ WKH /* FUHDWHV D PHFKDQLFDO WHQVLRQ UHVXOWLQJ LQ /* FHOO GLVSHUVLRQ
$FFRUGLQJ WR WKLV LGHDD UHGXFHGRUGHOD\HGSURGXFWLRQRI ODPHOORF\WHV LQ/*VDV
REVHUYHGLQpllRUdifPXWDQWVPLJKWUHVXOWLQD/*GLVSHUVLRQGHIHFWDQGWKXVLPPXQH
UHVSRQVHGHILFLHQWODUYDH7KXVGHFLSKHULQJWKHPROHFXODUSURFHVVHVFRQWUROOLQJ/*
GLVSHUVLRQ XSRQ SDUDVLWLVP UHSUHVHQWV DQ LPSRUWDQW TXHVWLRQ 7KLV VWXG\ FRQILUPV
SUHYLRXVDQDO\VHVHVWDEOLVKLQJ WKDW WKH36&LVDNH\SOD\HU LQ WKHFHOOXODU LPPXQH
UHVSRQVH XSRQ ZDVS SDUDVLWLVP &UR]DWLHU HW DO  .U]HPLHĔ HW DO 
6LQHQNR HW DO  'HFUHDVLQJ pll RU dif H[SUHVVLRQ E\ 51$L WUHDWPHQW LQ 36&
FHOOV OHDGV WR DPLOGHU /* GLVSHUVLRQ GHIHFW FRPSDUHG WR QXOOPXWDQW ODUYDH 7KLV
PLJKWEHGXHWRHLWKHUK\SRPRUSKLFFRQGLWLRQVUHVXOWLQJIURP51$LWUHDWPHQWVRUD
UHTXLUHPHQWIRU'LIDQGWKH7ROO1)ț%SDWKZD\LQRWKHU/*FHOOVEHVLGHV36&FHOOV,Q
DJUHHPHQW ZLWK WKLV SURSRVDO ZH REVHUYHG WKDW + SRVWSDUDVLWLVP WKH 'ODF=
WUDQVJHQHLVH[SUHVVHGLQ0=FHOOVDQGWKLVPLJKWUHIOHFWde novo7ROO1)ț%SDWKZD\




GLIIHUHQWLDWLRQDW WKHFRUWH[RI WKH/* LQDEVHQFHRIZDVSSDUDVLWLVPEXW LWGRHVQ¶W
OHDGWR/*GLVSHUVLRQ7KLVLQGLFDWHVWKDWWKHDFWLYDWLRQRIWKH7ROO1)ț%SDWKZD\RU
WKHSURGXFWLRQRIF6SLLQ36&FHOOVGRHVQRWUHSURGXFHWKH/*SKHQRW\SHREVHUYHG
XSRQ SDUDVLWLVP 7KXV DGGLWLRQDO UHJXODWLRQ ZKLFK UHPDLQV WR EH HOXFLGDWHG LV
LQYROYHG LQ FRQWUROOLQJ /* GLVSHUVLRQ $ SUHYLRXV VWXG\ HVWDEOLVKHG WKDW -$.67$7
VLJQDOLQJ KDV WR EH VZLWFKHG RII LQ 0= FHOOV IRU DQ HIILFLHQW UHVSRQVH WR ZDVS




$ SUHYLRXV VWXG\ UHSRUWHG WKDW XSRQ ZDVS SDUDVLWLVP DQ LQFUHDVH LQ 526
OHYHOV LVREVHUYHGLQ36&FHOOV OHDGLQJWRWKHSURGXFWLRQRIF6SLWKDWLVVHFUHWHGLQ
WKHKHPRO\PSKDQGDFWLYDWHVWKH(*)5SDWKZD\LQFLUFXODWLQJKHPRF\WHVLQGXFLQJ
WKHLU GLIIHUHQWLDWLRQ LQWR ODPHOORF\WHV 6LQHQNR HW DO  2XU VWXG\ IXUWKHU
HVWDEOLVKHVWKDWLQWKH/*WKH(*)5SDWKZD\KDVWREHDFWLYDWHGLQ0=FHOOVIRU/*
GLVSHUVLRQ DQG WKDW F6SL IURP WKH 36&PLJKW EH LQYROYHG 8SRQ SDUDVLWLVP KLJK
526OHYHOVLQ36&FHOOVDFWLYDWHERWKWKH(*)5DQGWKH7ROO1)ț%SDWKZD\VLQ0=
DQG36&FHOOVUHVSHFWLYHO\(SLVWDVLVH[SHULPHQWVHVWDEOLVKWKDWWKHVHWZRVLJQDOLQJ
SDWKZD\V DFW LQGHSHQGHQWO\ WR FRQWURO /* GLVSHUVLRQ XSRQ ZDVS SDUDVLWLVP 7KH
LQLWLDOVWHSUHTXLUHGIRU/*GLVSHUVLRQLVWKHLQFUHDVHLQ526OHYHOVLQ36&FHOOV9HU\
LQWHUHVWLQJO\ZHREVHUYH WKDW+SRVWSDUDVLWLVP WKHUH LVDOVRDQ LQFUHDVH LQ526
OHYHOV LQ0= FHOOV WKDW LV GHSHQGHQW RQ 526 OHYHOV LQ 36& FHOOV 7KH UROH RI WKH
LQFUHDVHG 526 OHYHOV LQ 0= FHOOV DQG KRZ 526 OHYHOV IURP WKH 36& DIIHFW WKH
DPRXQWRI526LQ0=FHOOVUHPDLQWREHGHFLSKHUHG
0DQ\ VWXGLHV SHUIRUPHG LQ PDPPDOV KDYH UHYHDOHG FRPSOH[ FURVVWDON
EHWZHHQ526DQG1)ț%VLJQDOLQJ0RUJDQHWDO5HFHQWO\LQEUHDVWFDQFHU
FHOOV LW KDV EHHQ VKRZQ WKDW DQ DFLGLF PLFURHQYLURQPHQW SURPRWHV WXPRU
LQYDVLYHQHVV E\ LQGXFLQJ WKH JHQHUDWLRQ RI 526 ZKLFK LQ WXUQ OHDGV WR 1)ț%
VLJQDOLQJ DFWLYDWLRQ *XSWD HW DO  ,Q 36& FHOOV KRZ DW WKHPROHFXODU OHYHO
KLJK 526 OHYHOV FRXOG OHDG WR 7ROO1)ț% SDWKZD\ DFWLYDWLRQ DQG ZKDW DUH WKH
SRVVLEOH GRZQVWUHDP WDUJHW JHQHV UHPDLQ RSHQ TXHVWLRQV ,QWHUHVWLQJO\ D 526
GHSHQGHQW DFWLYDWLRQ RI WKH 7ROO1)ț% SDWKZD\ KDV DOVR EHHQ UHSRUWHG LQ Aedes 
aegypti PRVTXLWRV XSRQ EDFWHULDO LQIHFWLRQ )XUWKHUPRUH D :ROEDFKLD EDFWHULD




ZKHWKHU D 526GHSHQGHQW DFWLYDWLRQ RI WKH 7ROO1)ț% SDWKZD\ PLJKW EH DQ
HYROXWLRQDULO\FRQVHUYHGSURFHVVWRILJKW LQIHFWLRQV%DVHGRQWKHKLJKFRQVHUYDWLRQ
RIVLJQDOLQJSDWKZD\VDQGSURFHVVHVFRQWUROOLQJKHPDWRSRLHVLVEHWZHHQGURVRSKLOD
DQG PDPPDOV RXU QRYHO GDWD UDLVH WKH H[FLWLQJ LVVXH RI ZKHWKHU WKH UHJXODWRU\






'URVRSKLOD VWUDLQV WKH IROORZLQJ 'URVRSKLOD OLQHV ZHUH XVHG Z ZW col-gal4 
.U]HPLHĔ HW DO  dome-gal4 .U]HPLHĔ HW DO  8$60&'*)3
.U]HPLHĔHWDOantp-gal40DQGDOHWDO'I/-0HQJHWDO
*VW'ODF= :DQJ HW DO  8$6F6SL 6XGDUVDQ HW DO  8$6'(5 '1
6D[HQDHWDO'ODF=RQWKHWKLUGFKURPRVRPH)ORUHV6DDLEHWDO
:H FRQVWUXFWHG D'ODF= OLQH RQ WKH VHFRQG FKURPRVRPH E\ LQMHFWLQJ D SODVPLG
FRQWDLQLQJ WKH'ODF=VHTXHQFH +3:ȕ'SODVPLG)ORUHV6DDLEHWDO7KH
8$6&DFWXV OLQH ZDV D JLIW IURP 6 *RYLQG 7KH *UDGXDWH 6FKRRO DQG 8QLYHUVLW\
&HQWHU RI 7KH &LW\ 8QLYHUVLW\ RI 1HZ <RUN 1HZ <RUN 86$:H FRQVWUXFWHG WKH
'RPH0(62*)3WUDQVJHQLFOLQHE\FORQLQJWKH'RPH0(62VHTXHQFH5LYDVHWDO
XSVWUHDPRI WKHFRGLQJVHTXHQFHRIDQXQVWDEOH IRUPRI*)3(*)31LQWUD
1HXEXUJHU HW DO  7KH RWKHU 'URVRSKLOD OLQHV ZHUH SURYLGHG E\ WKH
%ORRPLQJWRQ %/ RU9LHQQD'URVRSKLOD51$L 9'5& VWRFN FHQWHUV 7KH IROORZLQJ
VWRFNV ZHUH XVHG pll2 pll78 %/ pll7 pll385 %/ dif1 %/ dl1
%/8$6pll51$L%/DQG%/8$6dif51$L%/tubgal80ts 




$QWLERG\ VWDLQLQJ VWDLQLQJ SURFHGXUHV ZHUH SHUIRUPHG DV GHVFULEHG SUHYLRXVO\
.U]HPLHQ HW DO  3HQQHWLHU HW DO  XVLQJ UDEELW DQWLĮ36 
.U]HPLHĔHWDOPRXVHDQWL&RO.U]HPLHĔHWDOUDEELWDQWL'LI
JLIWIURP')HUUDQGRQ,QVWLWXWGH%LRORJLH0ROpFXODLUHHW&HOOXODLUH,%0&
8QLYHUVLWp GH 6WUDVERXUJ 6WUDVERXUJ )UDQFH PRXVH DQWL'O  +\EULGRPD












WKHQ DW WKH / VWDJH ODUYDH + DIWHU HJJOD\LQJ $(/ ZHUH VXEMHFWHG WR ZDVS
SDUDVLWLVP IRU + /DUYDH ZHUH VXEVHTXHQWO\ GLVVHFWHG DW   RU + SRVW
SDUDVLWLVP)RU WKH212)) WKHUPRVHQVLWLYH FRQGLWLRQV'URVRSKLODHJJOD\LQJZDV
SHUIRUPHGDW& IRU+ WKHQ WKH ODUYDHZHUHDOORZHG WRGHYHORSDW & IRU
GD\V/VWDJH/ODUYDHZHUHVKLIWHGWR&DQGZHUHSDUDVLWL]HGIRU++DIWHU
WKHWHPSHUDWXUHVKLIW7RWHVWIRU/*GLVSHUVLRQGLVVHFWLRQZDVSHUIRUPHG+SRVW
SDUDVLWLVP )RU WKH 2))21 FRQGLWLRQV 'URVRSKLOD HJJOD\LQJ ZDV SHUIRUPHG DW
&IRU++$(/ODUYDHZHUHVKLIWHGWR&:DVSSDUDVLWLVPZDVSHUIRUPHG
+ ODWHU DQG /* GLVVHFWLRQ ZDV SHUIRUPHG + SRVW SDUDVLWLVP )RU /*
GLVSHUVLRQ TXDQWLILFDWLRQV /*VZHUH FODVVLILHG LQWR  JURXSV GLVSHUVHG GLVSHUVLQJ




































DQG LQ pll2/pll7 PXWDQW /*V , 1XFOHL DUH ODEHOOHG ZLWK 7RSUR 7KH VFDOH EDU








'O UHG LVH[SUHVVHG LQ WKHF\WRSODVPRI0=FHOOV LQ WKHDEVHQFHRISDUDVLWLVP&
DQGDFFXPXODWHVLQWKHQXFOHXVLQUHVSRQVHWRZDVSSDUDVLWLVP''RUVDOLVQHYHU
GHWHFWHG LQ 36& FHOOV col!*)3 JUHHQ &¶&¶¶ DQG '¶'¶¶ 7KH 'ODF= UHSRUWHU
JHQHUHGLVH[SUHVVHGLQ36&FHOOV&ROJUHHQLQWKHDEVHQFHRISDUDVLWLVP((¶¶
+SRVWZDVSSDUDVLWLVP'ODF=H[SUHVVLRQLVXSUHJXODWHGLQ36&FHOOVDQGLWLVde
novo H[SUHVVHG LQ 0= FHOOV ))¶¶ 4XDQWLILFDWLRQV RI 'ODF= H[SUHVVLRQ LQ 36&
FHOOV DUH JLYHQ LQ * ,Qdif1PXWDQW /*V'ODF= H[SUHVVLRQ LV ORVW LQ36& FHOOV
&ROJUHHQERWKZLWKRXWSDUDVLWLVP++¶¶DQG+SRVWSDUDVLWLVP,,¶¶ LQGLFDWLQJ
WKDW'LILVUHVSRQVLEOHIRU'ODF=36&H[SUHVVLRQ,Qpll2pll7QXOOPXWDQW'ODF=LV
GHWHFWHG LQ 36& FHOOV LQ WKH DEVHQFH RI SDUDVLWLVP --¶¶ LQGLFDWLQJ WKDW 'ODF=
H[SUHVVLRQ LQ WKH DEVHQFH RI SDUDVLWLVP LV LQGHSHQGHQW RI 7ROO1)ț% VLJQDOLQJ





SDWKZD\ DFWLYDWLRQ ..¶¶ TXDQWLILFDWLRQ LQ / 1XFOHL DUH ODEHOHG ZLWK 7RSUR RU
'UDT7KHVFDOHEDUUHSUHVHQWVP

)LJXUH  'LI H[SUHVVLRQ DQG 7ROO1)ț% DFWLYDWLRQ LQ 36& FHOOV FRQWURO /*
GLVSHUVLRQXSRQSDUDVLWLVP
'RZQUHJXODWLQJWKH7ROO1)ț%SDWKZD\col!pll.'$RUGHFUHDVLQJ'LIcol!dif.'
% LQ 36& FHOOV LPSDLUV /* GLVSHUVLRQ + SRVW SDUDVLWLVP 4XDQWLILFDWLRQV RI /*
GLVSHUVLRQ DUH JLYHQ LQ & 'HFUHDVLQJ 'LI LQ 36& FHOOV RQO\ DIWHU SDUDVLWLVP
tubgal80tsantp!&DFWXV!dif.'GHVLJQDWHGDV212))'OHDGVWRD/*GLVSHUVLRQ
GHIHFW ZKHUHDV WKH SHUFHQWDJH RI /* GLVSHUVLRQ LV VLPLODU WR FRQWURO ZKHQ 'LI LV
GHFUHDVHG EHIRUH SDUDVLWLVP DQG UHVWRUHG XSRQ SDUDVLWLVP
tubgal80tsantp!&DFWXV!dif .' GHVLJQDWHG DV 2))21 ( 4XDQWLILFDWLRQV DUH
JLYHQLQ),QDFWLYDWLQJWKH7ROO1)ț%SDWKZD\RQO\XSRQSDUDVLWLVPE\UHPRYLQJWKH
OLJDQG6S] spz tsPXWDQW OHDGV WRD/*GLVSHUVLRQGHIHFW *4XDQWLILFDWLRQVDUH
JLYHQLQ+7KHVFDOHEDUFRUUHVSRQGVWRP7KHQXPEHURIDQDO\]HG/*VQLV






:LWKRXW SDUDVLWLVP *VW'ODF= UHG LV ZHDNO\ H[SUHVVHG LQ /*V $$¶¶ + SRVW
SDUDVLWLVP*VW'ODF=LVVWURQJO\XSUHJXODWHGERWKLQ36&&ROJUHHQDQG0=FHOOV
%%¶¶4XDQWLILFDWLRQVDUHJLYHQ LQ( IRU36&FHOOVDQG LQ) IRU0=FHOOV*VW'
ODF=H[SUHVVLRQ LV UHGXFHG LQDOO/*FHOOV+SRVWSDUDVLWLVPZKHQ526 OHYHOVDUH
GHFUHDVHG LQ 36& FHOOV col>catalase, &&¶¶ 'HFUHDVLQJ 'LI DQG LQDFWLYDWLQJ WKH
7ROO1)ț% SDWKZD\ LQ 36& FHOOV col>cactus>dif .' + SRVW SDUDVLWLVP GRHV QRW
DIIHFW*VW'ODF=H[SUHVVLRQ''¶¶4XDQWLILFDWLRQVRI*VW'ODF=H[SUHVVLRQOHYHOVLQ





LQ 36& FHOOV col>Toll10B QRW TXDQWLILHG + 7KH /* GLVSHUVLRQ GHIHFW REVHUYHG
ZKHQ526 OHYHOV DUHGHFUHDVHG LQ36&FHOOV LV SDUWLDOO\ UHVFXHGE\D FRQVWLWXWLYH







+SRVWSDUDVLWLVP/*VZKHUH6SL LVGHFUHDVHG LQ36&FHOOV antp!spi .'$RU
ZKHUH WKH (*)5 SDWKZD\ LV VZLWFKHG RII LQ 0= FHOOV domeMESO!'(5 '1 %
SUHVHQWDGHIHFWLQ/*GLVSHUVLRQ4XDQWLILFDWLRQVDUHJLYHQLQ&S(5.UHGLVQRW
H[SUHVVHGLQ/*FHOOVZLWKRXWSDUDVLWLVP''¶¶ZKHUHDV+SRVWZDVSSDUDVLWLVPLW
LV H[SUHVVHG LQ DOO /* FHOOV H[FHSW 36& FHOOV col!*)3 JUHHQ ((¶¶ 7KH








:LWKRXW SDUDVLWLVP 'LI H[SUHVVHG LQ 36& FHOOV DFWV LQGHSHQGHQWO\ RI 7ROO1)ț%
DFWLYDWLRQ WRFRQWURO/*KRPHRVWDVLVDQG36&FHOOQXPEHU$+SRVWSDUDVLWLVP
526OHYHOVDUH LQFUHDVHGLQ36&FHOOVDQGDFWLYDWHWKH7ROO1)ț%SDWKZD\DQGWKH






6XS )LJXUH  'LI EXW QRW 'O LV UHTXLUHG IRU /* GLVSHUVLRQ XSRQ ZDVS
SDUDVLWLVP
+ SRVW SDUDVLWLVP /* GLVSHUVLRQ GHIHFWV DUH REVHUYHG LQ - $ DQG dl1-
KHWHUR]\JRXV PXWDQW ODUYDH % $ VWURQJHU /* GLVSHUVLRQ GHIHFW LV REVHUYHG LQ
dif1- ODUYDH &4XDQWLILFDWLRQVRI/*GLVSHUVLRQDUHJLYHQ LQ '7KHVFDOHEDU


























&RPSDUHG WR ZW $ ZKHQ WKH 7ROO1)ț% SDWKZD\ col>Toll10B % RU ZKHQ F6SL





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































76& RUFKHVWUDWH JURZWK DQG GLIIHUHQWLDWLRQ RI 'URVRSKLOD EORRG SURJHQLWRUV 'HYHORSPHQW
139
)ORUHV6DDLE 5' -LD 6 DQG &RXUH\ $-  $FWLYDWLRQ DQG UHSUHVVLRQ E\ WKH &
WHUPLQDOGRPDLQRI'RUVDO'HYHORSPHQW 128
*XHJXHQ*.DODPDU]0(5DPURRS-8ULEH -DQG*RYLQG6 3RO\GQDYLUDO
DQN\ULQ SURWHLQV DLG SDUDVLWLF ZDVS VXUYLYDO E\ FRRUGLQDWH DQG VHOHFWLYH LQKLELWLRQ RI
KHPDWRSRLHWLFDQGLPPXQH1)NDSSD%VLJQDOLQJLQLQVHFWKRVWV3/R63DWKRJ 9H










.U]HPLHQ -2\DOORQ -&UR]DWLHU0DQG9LQFHQW$ +HPDWRSRLHWLFSURJHQLWRUV
DQGKHPRF\WHOLQHDJHVLQWKH'URVRSKLODO\PSKJODQG'HY%LRO 346
.U]HPLHĔ - 'XERLV / 0DNNL 5 0HLVWHU 0 9LQFHQW $ DQG &UR]DWLHU 0 
&RQWURO RI EORRG FHOO KRPHRVWDVLV LQ 'URVRSKLOD ODUYDH E\ WKH SRVWHULRU VLJQDOOLQJ FHQWUH
1DWXUH 446
/DP97RNXVXPL77RNXVXPL<DQG6FKXO]5$EDQWDPPL51$LV LPSRUWDQW






0DNNL 50HLVWHU0 3HQQHWLHU ' 8EHGD -0 %UDXQ $ 'DEXURQ 9 .U]HPLHĔ -
%RXUERQ +0 =KRX 5 9LQFHQW $, et al.  $ VKRUW UHFHSWRU GRZQUHJXODWHV





+HGJHKRJ DQG $QWHQQDSHGLDGHSHQGHQW QLFKH PDLQWDLQV 'URVRSKLOD KDHPDWRSRLHWLF
SUHFXUVRUV1DWXUH 446
0F*XLUH 6( /H 37 2VERUQ $- 0DWVXPRWR . DQG 'DYLV 5/ 
6SDWLRWHPSRUDOUHVFXHRIPHPRU\G\VIXQFWLRQLQ'URVRSKLOD6FLHQFH 302





0RQGDO%&6KLP-(YDQV&-DQG%DQHUMHH8 3YUH[SUHVVLRQ UHJXODWRUV LQ
HTXLOLEULXPVLJQDOFRQWURODQGPDLQWHQDQFHRI'URVRSKLODEORRGSURJHQLWRUV(OLIH 3H
0iUNXV 5 .XUXF] ( 5XV ) DQG $QGy ,  6WHULOH ZRXQGLQJ LV D PLQLPDO DQG
VXIILFLHQW WULJJHU IRUD FHOOXODU LPPXQH UHVSRQVH LQ'URVRSKLODPHODQRJDVWHU ,PPXQRO/HWW
101
1HXEXUJHU 3- 6DYLOOH .- =HQJ - 6P\WK .$ DQG %HORWH -0  $ JHQHWLF
VXSSUHVVRURI WZRGRPLQDQW WHPSHUDWXUHVHQVLWLYH OHWKDOSURWHDVRPHPXWDQWVRI'URVRSKLOD
PHODQRJDVWHULVLWVHOIDPXWDWHGSURWHDVRPHVXEXQLWJHQH*HQHWLFV 173
3DQ ; =KRX * :X - %LDQ * /X 3 5DLNKHO $6 DQG ;L =  :ROEDFKLD
LQGXFHVUHDFWLYHR[\JHQVSHFLHV526GHSHQGHQWDFWLYDWLRQRI WKH7ROOSDWKZD\ WRFRQWURO
GHQJXHYLUXVLQWKHPRVTXLWR$HGHVDHJ\SWL3URF1DWO$FDG6FL86$ 109(
3HQQHWLHU ' 2\DOORQ - 0RULQ3RXODUG , 'HMHDQ 6 9LQFHQW $ DQG &UR]DWLHU 0





6WDW '1$ ELQGLQJ VKRZV DQ HYROXWLRQDU\ EDVLV IRU 6WDW WUDQVFULSWLRQ IDFWRU SUHIHUHQFHV
(0%25HS 9
5L]NL 70 DQG 5L]NL 50  /DPHOORF\WH GLIIHUHQWLDWLRQ LQ 'URVRSKLOD ODUYDH
SDUDVLWL]HGE\/HSWRSLOLQD'HY&RPS,PPXQRO 16
6D[HQD$'HQKROP%%XQW6%LVFKRII09LMD\5DJKDYDQ.DQG6NDHU+ 
(SLGHUPDO JURZWK IDFWRU VLJQDOOLQJ FRQWUROV P\RVLQ ,, SODQDU SRODULW\ WR RUFKHVWUDWH
FRQYHUJHQWH[WHQVLRQPRYHPHQWVGXULQJ'URVRSKLODWXEXORJHQHVLV3/R6%LRO 12H
6FKRILHOG 5  7KH UHODWLRQVKLS EHWZHHQ WKH VSOHHQ FRORQ\IRUPLQJ FHOO DQG WKH
KDHPRSRLHWLFVWHPFHOO%ORRG&HOOV 4
6LQHQNR 6$ 6KLP - DQG %DQHUMHH 8  2[LGDWLYH VWUHVV LQ WKH KDHPDWRSRLHWLF
QLFKHUHJXODWHVWKHFHOOXODULPPXQHUHVSRQVHLQ'URVRSKLOD(0%25HS 13
6RUUHQWLQR53&DUWRQ< DQG*RYLQG6 &HOOXODU LPPXQH UHVSRQVH WRSDUDVLWH
LQIHFWLRQLQWKH'URVRSKLODO\PSKJODQGLVGHYHORSPHQWDOO\UHJXODWHG'HY%LRO 243








6\NLRWLV *3 DQG %RKPDQQ '  .HDS1UI VLJQDOLQJ UHJXODWHV R[LGDWLYH VWUHVV
WROHUDQFHDQGOLIHVSDQLQ'URVRSKLOD'HY&HOO 14

















GH OD =0 HQ DEVHQFH GH FKDOOHQJH LPPXQ SXLV HVW LQDFWLYpH GDQV FHV PrPHV
FHOOXOHV + DSUqV SDUDVLWLVPH &HWWH LQKLELWLRQ HVW QpFHVVDLUH j OD GLIIpUHQFLDWLRQ
PDVVLYHGHODPHOORF\WHVGDQVOD*/0DNNLHWDO3RXUPDSDUWM¶DLHQWUHSULV







$SUqV SDUDVLWLVPH O¶LQKLELWLRQ GDQV OD =0 GH O¶DFWLYLWp GH OD YRLH -$.67$7
dome!latran!dome'1 FRQGXLW jXQGpIDXW GHGLVSHUVLRQGH OD*/ )LJXUH$
&HFL LQGLTXH TXH O¶DFWLYLWp GH OD YRLH -$.67$7 HVW UHTXLVH GDQV OD =0 j OD
GLVSHUVLRQGHOD*/
'DQV XQ VHFRQG WHPSV M¶DL FKHUFKp j GpWHUPLQHU TXDQG HVW UHTXLVH OD YRLH
-$.67$7 GDQV OD */ SRXU OD UpSRQVH DX SDUDVLWLVPH 3RXU FHOD M¶DL DQDO\Vp OD
GLVSHUVLRQ GH OD*/ DSUqV DYRLU LQDFWLYp OD YRLH -$.67$7 GDQV OD =0 VRLW DSUqV
SDUDVLWLVPHVRLWDXFRQWUDLUHDYDQWSDUDVLWLVPH





)LJXUH   /D UpJXODWLRQ GH O¶DFWLYLWp GH OD YRLH -$.67$7 HVW UHTXLVH SRXU SHUPHWWUH OD
GLVSHUVLRQ GH OD */ HQ UpSRQVH DX SDUDVLWLVPH SDU GHV JXrSHV
+ DSUqV SDUDVLWLVPH OD GLVSHUVLRQ GH OD */ UHVWH LQFRPSOqWH ORUVTXH OD YRLH -$.67$7 HVW LQDFWLYpH
GDQV OD =0 dome!latran!dome'1 $ 8Q GpIDXW VLPLODLUH HVW REVHUYp GDQV OH PXWDQW upd3 HW
ORUVTX¶upd3 HVW LQKLEp GDQV OH 36& antp!upd3 .' % 8QH VXUH[SUHVVLRQ G¶upd3 GDQV OH 36&
HQWUDvQH pJDOHPHQW XQ GpIDXW GH GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH &
/H SLORWH G¶H[SUHVVLRQ difVT!*)3 YHUW Q¶HVW SDV H[SULPp GDQV OD */ HQ DEVHQFH GH SDUDVLWLVPH '
HW V¶H[SULPH IRUWHPHQW GDQV OD =0 + DSUqV SDUDVLWLVPH ( ,O Q¶HVW MDPDLV H[SULPp GDQV OH 36&
URXJH /¶LQDFWLYDWLRQ GH OD YRLH -$.67$7 GDQV OD =0 XQLTXHPHQW DSUqV SDUDVLWLVPH SDU O¶H[SUHVVLRQ
GHV WUDQVJqQHV 8$6latran 8$6dome'1 VRXV OH FRQWU{OH GX SLORWH difVT QH FRQGXLW SDV j XQ GpIDXW
GH GLVSHUVLRQ GH OD */ 212))  ) (Q UHYDQFKH O¶LQDFWLYDWLRQ GH OD YRLH -$.67$7 GDQV OD =0
SHQGDQW OH GpYHORSSHPHQW HW VRQ DFWLYDWLRQ DX PRPHQW GX SDUDVLWLVPH FRQGXLW j XQ GpIDXW GH
GLVSHUVLRQ GH OD */ 2))21  * 8QH UHSUpVHQWDWLRQ VFKpPDWLTXH GX U{OH GH OD YRLH -$.67$7 GDQV
OH FRQWU{OH GH OD GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH HVW SUpVHQWpH HQ +





YRLH -$.67$7 HVW LQDFWLYpH GDQV OD =0 XQLTXHPHQW DSUqV SDUDVLWLVPH
difVT!latran!dome'1 )LJXUH ) FH TXL VXJJqUH TXH O¶DFWLYLWp -$.67$7
Q¶HVW SDV UHTXLVH DSUqV SDUDVLWLVPH &HV UpVXOWDWV VRQW HQ DFFRUG DYHF OHV
GRQQpHV SXEOLpHV SUpFpGHPPHQW LQGLTXDQW TXH + DSUqV SDUDVLWLVPH OD YRLH
-$.67$7GRLWrWUHLQDFWLYHGDQVOD=0SRXUSHUPHWWUHODSURGXFWLRQPDVVLYHGH
ODPHOORF\WHVGDQVOD*/0DNNLHWDO
 3RXU LQKLEHU OD YRLH -$.67$7 WRXW DX ORQJ GX GpYHORSSHPHQW SXLV O¶DFWLYHU
XQLTXHPHQW ORUV GX SDUDVLWLVPH M¶DL XWLOLVp XQH FRPELQDLVRQ GX UpSUHVVHXU
WKHUPRVHQVLEOH *DOWV HW GX SLORWH G¶H[SUHVVLRQ dome-gal4 SRXU GLULJHU
O¶H[SUHVVLRQ GHV WUDQVJqQHV 8$6latran HW 8$6dome'1 GDQV OD =0 /H
V\VWqPH *DO*DOWV SHUPHW HQ MRXDQW VXU OD WHPSpUDWXUH XQH DFWLYDWLRQ
FRQGLWLRQQHOOHGXSLORWHG¶H[SUHVVLRQ*DO ,O IDXWQRWHUTXHGDQVFHVFRQGLWLRQV
GH WHPSpUDWXUH OHV */V VDXYDJHV SUpVHQWHQW XQ WDX[ GH GLVSHUVLRQ DSUqV
SDUDVLWLVPHLQIpULHXUjFHOXLREVHUYpORUVTXHOHVODUYHVUHVWHQWj&/HV*/V
GHV ODUYHV tubgal80tsdome!latran!dome'1SUpVHQWHQWXQSKpQRW\SHPRGpUp









SDUDVLWLVPH (QILQ GH IDoRQ VXUSUHQDQWH OD VXUH[SUHVVLRQ GDQV OH 36& G¶upd3









LQDFWLYpH DILQ GH SHUPHWWUH OD GLIIpUHQFLDWLRQPDVVLYH GHV ODPHOORF\WHV GDQV OD*/










)LJXUH   'LI FRQWU{OHWLO O¶DFWLYLWp GH OD YRLH -$.67$7 GDQV OD */ "
/H QLYHDX G¶H[SUHVVLRQ GX WUDQVJqQH dome0(62*)3 YHUW HVW IRUWHPHQW UpGXLW GDQV OH PXWDQW
dif1 $% HW DSUqV LQKLELWLRQ GH 'LI GDQV OH 36& &'  TXDQWLILFDWLRQV HQ (
/H WUDQVJqQH dome0(62*)3 HVW WRXMRXUV H[SULPp GDQV OD */ GDQV OH PXWDQW upd3 RX DSUqV
LQDFWLYDWLRQ G¶upd3 GDQV OH 36& ) j +
%DUUH G¶pFKHOOH  ȝP

5pVXOWDWV






ORUVGH OD UpSRQVHDXSDUDVLWLVPH&HSHQGDQW M¶DL REVHUYpTXH O¶DFWLYLWpGH OD YRLH




GHVGRQQpHVVXJJqUHQWXQH UpJXODWLRQSRVVLEOHHQWUH OH IDFWHXUGH WUDQVFULSWLRQ'LI




HVW LQKLEp VSpFLILTXHPHQW GDQV OH 36& col!cactus>dif .' RQ REVHUYH XQH QHWWH
GLPLQXWLRQ GX QLYHDX G¶H[SUHVVLRQ GX WUDQVJqQH dome0(62*)3 GDQV OD =0 SDU
UDSSRUWjGHV*/FRQWU{OHV )LJXUH$j(VXJJpUDQWTXH O¶DFWLYDWLRQGH ODYRLH
-$.67$7 HVW GpSHQGDQWH GH O¶H[SUHVVLRQ GH 'LI GDQV OH 36& -¶DL SDU OD VXLWH
FKHUFKpjVDYRLUVL O¶H[SUHVVLRQGXOLJDQGSRVVLEOHGHYRLH-$.67$7GDQVOH36&
8SGHVWVRXV ODGpSHQGDQFHGH'LI3RXUFHOD M¶DLDQDO\Vp O¶H[SUHVVLRQGXSLORWH
upd3gal4, TXLFRUUHVSRQGjXQPRUFHDXGXSURPRWHXUGHupd3FORQpHQDPRQWGHOD
VpTXHQFH FRGDQWH GH gal4 $JDLVVH HW DO  (Q DEVHQFH GH SDUDVLWLVPH OH
SLORWHupd3-gal4HVWH[SULPpGDQVOH36&HWGDQVTXHOTXHVFHOOXOHVGHOD=0HWRX
GHOD=&)LJXUH$/¶LQDFWLYDWLRQGH'LIVRXVOHFRQWU{OHGHFHSLORWHG¶H[SUHVVLRQ
upd3!*)3!cactus>dif .' FRQGXLW j XQH WUqV IRUWH GLPLQXWLRQ GX QLYHDX
G¶H[SUHVVLRQ GH OD *)3 GDQV OH 36& )LJXUH & &HWWH GRQQpH VXJJqUH TX¶HQ
DEVHQFHGHSDUDVLWLVPHO¶H[SUHVVLRQGX OLJDQG8SGGDQV OH36&HVWFRQWU{OpHSDU
'LI + DSUqV SDUDVLWLVPH O¶H[SUHVVLRQ GX SLORWH upd3-gal4 HVWPDLQWHQXH GDQV OH
36&HWXQHH[SUHVVLRQSOXV IRUWHHVWGpWHFWpHGDQV OD=0 )LJXUH%&HSURILO




)LJXUH   'LI FRQWU{OHWLO O¶H[SUHVVLRQ G¶upd3 GDQV OH 36& "
/H SLORWH upd3!*)3 YHUW HVW H[SULPp GDQV OH 36& &RO URXJH HW GDQV TXHOTXHV FHOOXOHV GH OD =0 HQ
DEVHQFH GH SDUDVLWLVPH $ 6RQ H[SUHVVLRQ GDQV OD */ HVW PDLQWHQXH + DSUqV SDUDVLWLVPH DXVVL
ELHQ GDQV OH 36& TXH GDQV OD =0 %
(Q DEVHQFH GH SDUDVLWLVPH O¶LQDFWLYDWLRQ GH dif VRXV OH FRQWU{OH GX SLORWH upd3!*)3 FRQGXLW j XQH
SHUWH G¶H[SUHVVLRQ GH OD *)3 GDQV OH 36& & FRPSDUp j GHV ODUYHV FRQWU{OHV /D TXDQWLILFDWLRQ
FRUUHVSRQGDQWH HVW GRQQpH HQ (
+ DSUqV SDUDVLWLVPH OH QLYHDX GH *)3 GDQV OH 36& HVW FRPSDUDEOH GDQV OHV ODUYHV
upd3!*)3!&DFWXV!dif .' HW GDQV OHV ODUYHV FRQWU{OHV ' TXDQWLILFDWLRQ HQ )





XQ UDSSRUWHXU ILGqOH GH O¶H[SUHVVLRQ GH FH JqQH GDQV OD */ HQ FRQGLWLRQ GH













G¶H[SUHVVLRQ GH FH WUDQVJqQH GDQV OH PXWDQW dif1 HVW HQ IDLW UpYpODWULFH G¶XQ
FKDQJHPHQW G¶LGHQWLWp GHV FHOOXOHV GH OD =0 HW QRQ G¶XQH PRGLILFDWLRQ GH
O¶DFWLYLWp -$.67$7 &HWWH K\SRWKqVH HVW SUREDEOH FDU O¶LQDFWLYDWLRQ GH OD YRLH
-$.67$7 SDU OD VXUH[SUHVVLRQ GDQV OD =0 VRLW GH /DWUDQ VRLW GH 6RFV(
GHX[ UpJXODWHXUV QpJDWLIV GH OD YRLH -$.67$7 QH SHUPHW SDV G¶pWHLQGUH




UHVWHQW GRQF ODUJHPHQW QRQ pOXFLGpV /HXU LGHQWLILFDWLRQ HVW UHQGXH GLIILFLOH SDU OHV
RXWLOV JpQpWLTXHV GLVSRQLEOHV TXL SRXUUDLHQW QH SDV UHIOpWHU O¶DFWLYLWp GHV JqQHV
HQGRJqQHV0HV UpVXOWDWV VXJJqUHQWTXH'LI GDQV OH36&SRXUUDLW HQDEVHQFHGH
VWUHVV LPPXQ UpJXOHU O¶H[SUHVVLRQ G¶8SG GDQV OH 36& HW SHXWrWUH pJDOHPHQW
O¶DFWLYLWp GH OD YRLH -$.67$7 GDQV OD =0 '¶DXWUHV DFWHXUV QRQ HQFRUH LGHQWLILpV














,,,(WDEOLVVHPHQW GX WUDQVFULSWRPH GHV FHOOXOHV GX 36& DGDSWDWLRQ GH OD
WHFKQLTXHGH©78WDJJLQJª
$XFRXUVGHPD WKqVH O¶D[HPDMHXUGHPD UHFKHUFKHDpWpG¶pWXGLHU OH U{OHGX
36& ORUV GX SDUDVLWLVPH SDU GHV JXrSHV /¶DEVHQFH GX 36& REVHUYpH GDQV OH
PXWDQWcolRXSURYRTXpHSDUODVXUH[SUHVVLRQGXJqQHSURDSRSWRWLTXHreaperVRXV
OHFRQWU{OHGXSLORWHG¶H[SUHVVLRQVSpFLILTXHGX36&colgal4UpVXOWHHQO¶DEVHQFHGH
SURGXFWLRQ PDVVLYH GH ODPHOORF\WHV GDQV OD */ DSUqV SDUDVLWLVPH &HV UpVXOWDWV
pWDEOLVVHQW O¶LPSRUWDQFH GH FHV FHOOXOHV GDQV OD PLVH HQ SODFH GH OD UpSRQVH
LPPXQLWDLUH&UR]DWLHUHWDO.U]HPLHĔHWDO5pFHPPHQW OHVWUDYDX[
GH6LQHQNRHWFRO RQWpWDEOLTXH OHVHVSqFHV UpDFWLYHVGH O¶R[\JqQH 526
VRQW VXUH[SULPpHV GDQV OH 36& VXLWH j XQ SDUDVLWLVPH SDU GHV JXrSHV FHWWH
VXUH[SUHVVLRQpWDQWUHTXLVHjO¶HQFDSVXODWLRQGHV°XIVGHJXrSHV0HVUpVXOWDWVVXU










SXFHV $II\PHWUL[ SHX VHQVLEOHV Q¶D SDV SHUPLV XQ QLYHDX GH UpVROXWLRQ VXIILVDQW
SRXUSHUPHWWUH OHXUGpWHFWLRQ$LQVL DILQG¶LGHQWLILHU WRXV OHV$51VGX36&PrPH
H[SULPpV j XQ IDLEOH QLYHDX GH QRXYHOOHV DSSURFKHV SOXV VHQVLEOHV GHYDLHQW rWUH
GpYHORSSpHV$XFRXUVGHPDWKqVHM¶DLGRQFHQWUHSULVG¶pWDEOLUOHWUDQVFULSWRPHGHV
FHOOXOHV GX36&HQDEVHQFHGHSDUDVLWLVPHHW +DSUqV SDUDVLWLVPH3RXU FHOD MH
GHYDLV UpFXSpUHUVSpFLILTXHPHQW OHV$51VGX36&SXLV OHV LGHQWLILHUSDU51$VHT
WHFKQLTXH SOXV VHQVLEOH TXH OHV SXFHV $II\PHWUL[ /D FRPSDUDLVRQ GH FHV GHX[

































)LJXUH   0DUTXDJH HW VpOHFWLRQ GHV $51V GX 36& SDU OD WHFKQLTXH GH © 78WDJJLQJ ª
 /¶H[SUHVVLRQ FLEOpH GH O¶8357 GDQV OH 36& col!8357 FRPELQpH j O¶LQJHVWLRQ GH 78 SDU OHV ODUYHV
SHUPHW O¶LQFRUSRUDWLRQ VSpFLILTXH GH QXFOpRWLGHV 78 GDQV OHV $51V GX 36&
 /D WRWDOLWp GHV $51 GH OD */ FRPSRVpH G¶XQ PpODQJH G¶$51V GH 36& PDUTXpV DX 78 HW G¶$51V
SURYHQDQW GH OD =0 HW GH OD =& HW QRQ PDUTXpV HVW H[WUDLWH j SDUWLU GH */ HQWLqUHV GLVVpTXpHV /HV
UpVLGXV 78 SUpVHQWV GDQV OHV $51 GX 36& VRQW HQVXLWH ELRWLQ\OpV in vitro SXLV UHWHQXV VXU GHV







$ILQ G¶pWDEOLU OH WUDQVFULSWRPH GHV FHOOXOHV GX 36& M¶DL HQWUHSULV G¶DGDSWHU OD
WHFKQLTXH GH ©78WDJJLQJª GpYHORSSpH VXU OH FHUYHDX GH GURVRSKLOH j OD */
0LOOHUHWDO/HSULQFLSHGHFHWWHWHFKQLTXHHVWGHPDUTXHUVSpFLILTXHPHQWOHV
$51VWUDQVFULWVGDQVXQVRXVHQVHPEOHGHFHOOXOHVDXVHLQG¶XQWLVVXSRXUSRXYRLU
SDU OD VXLWH OHV VpOHFWLRQQHU SXLV OHV LGHQWLILHU 3RXU FHOD RQ XWLOLVH XQH HQ]\PH
O¶8UDFLOH3KRVSKR5LERV\O7UDQVIpUDVH 8357Q¶H[LVWDQWSDVFKH] ODGURVRSKLOHHW
SHUPHWWDQW OD FRQYHUVLRQ G¶XQ GpULYp GH O¶XUDFLOH OH WKLRXUDFLOH 78 HQ WKLR
XULGLQH &RQWUDLUHPHQW DX WKLRXULGLQH TXL SHXW UHPSODFHU O¶XULGLQH GDQV OHV $51
PHVVDJHUV$51POH78QHSHXWSDVrWUHLQFRUSRUpGDQVOHV$51P/HSULQFLSH
HVW GRQF GH QRXUULU OHV ODUYHV GH GURVRSKLOH DYHF GX 78 TXL VHUD SUpVHQW GDQV
WRXWHV OHV FHOOXOHV GH O¶RUJDQLVPH HW G¶H[SULPHU O¶8357 VSpFLILTXHPHQW GDQV OHV
FHOOXOHV G¶LQWpUrW HQ O¶RFFXUUHQFH FHOOHV GX 36& $LQVL GDQV FHV FHOOXOHV OH 78
SRXUUD rWUH FRQYHUWL HQ WKLRXULGLQH SXLV LQFRUSRUp GDQV OHV $51V HQ FRXUV GH
V\QWKqVH )LJXUH3DUH[WUDFWLRQG¶$51VjSDUWLU GH*/HQWLqUHVGLVVpTXpHV
XQH SRSXODWLRQ PL[WH G¶$51V FRPSRVpH j OD IRLV G¶$51V GH 36& FRQWHQDQW GX
78HWG¶$51VSURYHQDQWGXUHVWHGHOD*/Q¶HQFRQWHQDQWSDVVHUDREWHQXH/D
VpOHFWLRQGHV$51VGX36&pWLTXHWpVDX78VH IDLW SDU ELRWLQ\ODWLRQ in vitro SXLV
FKURPDWRJUDSKLHG¶DIILQLWpVWUHSWDYLGLQHELRWLQH(QHIIHWOHVPROpFXOHVGHELRWLQHVH
OLHQW DX 78 SUpVHQW GDQV OHV $51V GX 36& /D WRWDOLWp GHV $51V GH */V HVW
LQFXEpHDYHFGHVELOOHVFRXSOpHVjGHODVWUHSWDYLGLQH)LJXUH/DELRWLQHHWOD
VWUHSWDYLGLQH D\DQW XQH IRUWH DIILQLWp OHV $51V 78SRVLWLIV ELRWLQ\OpV YRQW rWUH
UHWHQXV VXU OHV ELOOHV WDQGLV TXH OHV $51V QRQPDUTXpV QH OH VHURQW SDV $SUqV










3RXUpWDEOLU OH WUDQVFULSWRPHGX36& OD WHFKQLTXHGH©78WDJJLQJªDGrWUH
DGDSWpHjOD*/3RXUFHODGLIIpUHQWHVPLVHVDXSRLQWRQWGrWUHUpDOLVpHV
 'DQV XQ SUHPLHU WHPSV LO IDOODLW YpULILHU TXH OHV GLIIpUHQWHV pWDSHV
QpFHVVDLUHV DX PDUTXDJH GHV $51V GX 36& VXUH[SUHVVLRQ GH O¶8357
LQJHVWLRQ GH 78« QH FUpHQW SDV GH VWUHVV TXL SRXUUDLW PRGLILHU
O¶KRPpRVWDVLH GH OD */ RUJDQH SDUWLFXOLqUHPHQW VHQVLEOH j GH QRPEUHX[
VWUHVVWHOVTXHODSUpVHQFHGHUDGLFDX[OLEUHV
 $SUqVDYRLUPLVDXSRLQWGHVFRQGLWLRQVFRPSDWLEOHVDYHF OHPDLQWLHQG¶XQH
KRPpRVWDVLH QRUPDOH GH OD*/ M¶DL YpULILp TXH GHV $51 pWLTXHWpV SHXYHQW
rWUHGpWHFWpV
 -¶DL HQVXLWH WHVWp ODVSpFLILFLWpGH OD WHFKQLTXHHQG¶DXWUH WHUPHYpULILpTXH
OHV$51VUpFXSpUpVjODILQGHO¶H[SpULHQFHFRUUHVSRQGHQWELHQjGHV$51V
GX 36& HW TXH FHX[ SURYHQDQW GHV DXWUHV ]RQHV GH OD */ QH VRQW SDV
VpOHFWLRQQpV
 8QH IRLV FHV pWDSHV PLVHV DX SRLQW XQ VpTXHQoDJH j KDXWGpELW VXU OHV
























)LJXUH   5HFKHUFKH GH FRQGLWLRQV GH © 78WDJJLQJ ª QH PRGLILDQW SDV O¶KRPpRVWDVLH GH
OD */
/D VXUH[SUHVVLRQ G¶XQH IRUPH G¶8357 SRUWDQW XQ WDJ +$ URXJH HQ $ EOHX HQ % GDQV OH 36&
col!8357+$ $ RX GDQV OD =0 dome!8357+$ % QH PRGLILH SDV O¶RUJDQLVDWLRQ GH OD */ HQ
WURLV ]RQHV /¶LQJHVWLRQ SDU OHV ODUYHV G¶XQH GRVH GH P0 GH 78 SHQGDQW + RX SOXV HQWUDvQH
OD GLIIpUHQFLDWLRQ GDQV OD */ GH ODPHOORF\WHV Į36 URXJH & $XFXQH GLIIpUHQFLDWLRQ GH
ODPHOORF\WHV Q¶HVW SDU FRQWUH REVHUYpH DSUqV LQJHVWLRQ SDU OHV ODUYHV G¶XQH GRVH SOXV UpGXLWH GH
P0 GH 78 ' $SUqV SDUDVLWLVPH OH UDSSRUWHXU *VW'ODF= URXJH HVW IRUWHPHQW H[SULPp
GDQV OD */ ) SDU UDSSRUW j GHV ODUYHV QRQ SDUDVLWpHV ( 6RQ H[SUHVVLRQ GDQV OD */ DSUqV
LQJHVWLRQ GH 78 HVW FRPSDUDEOH DX QLYHDX REVHUYp HQ O¶DEVHQFH GH SDUDVLWLVPH * /H 36&










7URXYHU GHV FRQGLWLRQV GH ©78WDJJLQJª QH PRGLILDQW SDV
O¶KRPpRVWDVLHGHOD*/
3OXVLHXUV IDFWHXUV VRQW VXVFHSWLEOHV GH JpQpUHU XQ VWUHVV TXL SRXUUDLW PRGLILHU
O¶KRPpRVWDVLHGHOD*/ ODVXUH[SUHVVLRQGHO¶HQ]\PH8357O¶LQJHVWLRQGH78OD
PDQLSXODWLRQ GHV ODUYHV OHV FKDQJHPHQWV GH WHPSpUDWXUH« -¶DL GRQF UpDOLVp GHV
LPPXQRFRORUDWLRQVVXUGHV*/VDILQG¶HQYLVXDOLVHU OHV WURLV]RQHVHWYpULILpVL OHXU
RUJDQLVDWLRQpWDLWPRGLILpH'DQVXQSUHPLHUWHPSV M¶DLWHVWpVL ODVXUH[SUHVVLRQGH
O¶8357GDQVOH36&RXOD=0XWLOLVpHLFLFRPPHFRQWU{OHDIIHFWDLWO¶RUJDQLVDWLRQGH






GLIIpUHQFLDWLRQ GH ODPHOORF\WHV GDQV OD */ )LJXUH & &H W\SH FHOOXODLUH Q¶HVW
QRUPDOHPHQWSDVSURGXLWHQDEVHQFHGHSDUDVLWLVPHHWVDSUpVHQFHUpYqOHGRQFXQ
FKDQJHPHQWGUDVWLTXHGH O¶KRPpRVWDVLHGH OD*/ -¶DLGRQFHQWUHSULVGHPHWWUHDX
SRLQW GH QRXYHOOHV FRQGLWLRQV HQ PRGLILDQW OH WHPSV G¶LQJHVWLRQ HWRX OD
FRQFHQWUDWLRQGX78GDQVOHPLOLHXQXWULWLI-HVXLVILQDOHPHQWSDUYHQXHjPHWWUHDX
SRLQW XQ SURWRFROH LQJHVWLRQ GH 78 j P0 SHQGDQW + TXL Q¶HQWUDvQH SDV




ODUYHV QRXUULHV DYHF GX 78 HVW FRPSDUDEOH j FHOXL REVHUYp GDQV OHV ODUYHV
FRQWU{OHV QRQ SDUDVLWpHV LQGLTXDQW TXH FHV FRQGLWLRQV QH SHUWXUEHQW SDV





















)LJXUH   /H SURWRFROH PLV DX SRLQW SHUPHW OH PDUTXDJH G¶$51V GH OD */
/HV $51 H[WUDLWV GH */ SURYHQDQW GH ODUYHV H[SULPDQW O¶8357 GDQV OH 36& HW QRXUULHV DYHF GX 78
col!8357 78 JpQqUHQW XQ VLJQDO IRUW DSUqV ELRWLQ\ODWLRQ in vitro SXLV GpWHFWLRQ SDU VWUHSWDYLGLQH
+53 /H VLJQDO GpWHFWp HVW EHDXFRXS SOXV IDLEOH GDQV OH FDV GH ODUYHV QRQ QRXUULHV DYHF GX 78




/¶pWDSHVXLYDQWHpWDLWGHWHVWHU ODSUpVHQFHG¶$51pWLTXHWpVSDU OH78GDQV OD
*/-¶DLGRQFUpDOLVpXQHH[WUDFWLRQGHV$51VjSDUWLUGH*/VHQWLqUHVGLVVpTXpHV
GH ODUYHV col!8357 QRXUULHV DYHF GX 78 SXLV OHV $51V DLQVL REWHQXV RQW pWp










DWWHQGX ODVRQGHELRWLQ\OpHGRQQHXQ IRUWVLJQDOYDOLGDQW O
XWLOLVDWLRQGHFH W\SHGH
GRWEORW SRXU OD GpWHFWLRQ G








LQGLTXHQW TXH O¶LQFRUSRUDWLRQGH78GDQV OHV$51VHVW SOXVHIILFDFHHQSUpVHQFH










/¶pWDSH VXLYDQWH D pWp GH YpULILHU TXH OHV$51V LVROpV j OD ILQ GX SURWRFROH GH
©78WDJJLQJªVRQWELHQFHX[DWWHQGXV3RXUFHODGHX[SRLQWVRQWpWpDQDO\VpV












OH 36& QH UHSUpVHQWH j SHLQH TX
 GHV FHOOXOHV $LQVL REWHQLU XQH TXDQWLWp
VXIILVDQWH G¶$51V SRXU SRXYRLU IDLUH GHV WHVWV GH PLVH DX SRLQW GX SURWRFROH
UHSUpVHQWHXQYpULWDEOHGpIL$WLWUHG¶H[HPSOHFKDTXHWHVWGHPLVHDXSRLQWSRXUOHV





PDUTXpV SDU ©78WDJJLQJª VRQW SUpIpUHQWLHOOHPHQW UHWHQXV SDU OHV ELOOHV
VWUHSWDYLGLQHSDUUDSSRUWjGHV$51VQRQPDUTXpV3RXUFHODM¶DLPDUTXpOHV$51V





G¶$51V GH FHUYHDX M¶DL DMRXWp XQ$51H[RJqQH V\QWKpWLVp in vitro HQ DEVHQFH GH








%LRWLQ\ODWLRQ in vitro $51H[RJqQHQRQELRWLQ\Op ȕWXE
)UDFWLRQ© DYDQWELOOHV ª
$51SUpVHQWVelav FHUYHDX ȕtub








&Welav   
&Wɴtub   
&Welav &Wɴtub  LQFKDQJp GLPLQXp
&Welav   
&Wɴtub   
&Welav &Wɴtub  LQFKDQJp LQFKDQJp
)LJXUH   7HVW GH VSpFLILFLWp GH UpWHQWLRQ GHV $51V SDU OHV ELOOHV VWUHSDYLGLQH
/¶H[SpULHQFH SUpVHQWpH LFL FRQVLVWH j PpODQJHU GHX[ SRSXODWLRQV G¶$51V O¶XQH SURYHQDQW GH
FHUYHDX[ GH ODUYHV elav!8357 QRXUULHV RX QRQ DYHF GX 78 SXLV ELRWLQ\OpV in vitro HW O¶DXWUH pWDQW
O¶$51 H[RJqQH ȕtub GH Drosophila virilis QH FRQWHQDQW QL 78 QL ELRWLQH SXLV GH PHVXUHU OD
TXDQWLWp UHODWLYH GHV $51V elav HW ȕtub GDQV OHV IUDFWLRQV © DYDQW ELOOHV ª © QRQ UHWHQXH ª HW
© pOXpH ª 3RXU OHV ODUYHV 78 FRPPH ±78 OHV $51 elav HW ȕtub VRQW GpWHFWpV DX PrPH F\FOH GH
3&5 GDQV OD IUDFWLRQ © DYDQW ELOOHV ª /HV $51V elav HW ȕtub VRQW DXVVL GpWHFWpV DX PrPH F\FOH
GDQV OD IUDFWLRQ © QRQ UHWHQXH ª SRXU OHV ODUYHV 78 HW 78 'DQV OD IUDFWLRQ pOXpH O¶$51 elav HVW
GpWHFWp  F\FOHV SOXV W{W TXH O¶$51 ȕtub SRXU OHV pFKDQWLOORQV 78 LQGLTXDQW XQ HQULFKLVVHPHQW HQ
$51V GX FHUYHDX SDU UDSSRUW j O¶$51 QRQ PDUTXp ȕtub 3RXU OHV pFKDQWLOORQV ±78 O¶pFDUW HQWUH






GURVRSKLOH Drosophila virilis HW Q¶HVW GRQF SDV SUpVHQW GDQV OHV pFKDQWLOORQV
SUpSDUpVjSDUWLUGHFHUYHDX[GHDrosophila melanogaster/HPpODQJHGHFHVGHX[
SUpSDUDWLRQVG¶$51VDpWpGpSRVpVXU OHVELOOHVFRXSOpHVj ODVWUHSWDYLGLQH)LJXUH
 3DU 573&5 TXDQWLWDWLYH M¶DL HQVXLWH FRPSDUp OD TXDQWLWp UHODWLYH G¶XQ $51
VSpFLILTXHPHQWH[SULPpGDQVOHFHUYHDXelavHWGHO¶$51ȕWXEGDQVWURLVIUDFWLRQV
GLIIpUHQWHV OD IUDFWLRQ ©DYDQW ELOOHVª TXL FRUUHVSRQG DX PpODQJH G¶$51V DYDQW
TX¶LO QH VRLW GpSRVp VXU OHV ELOOHV OD IUDFWLRQ ©QRQ UHWHQXHª TXL FRUUHVSRQG DX[
$51VTXLRQWpWpPLVHQFRQWDFWDYHFOHVELOOHVPDLVQ¶\VRQWSDVUHVWpVDFFURFKpV
HW OD IUDFWLRQ©pOXpHª TXL FRQWLHQW OHV$51VD\DQW pWp UHWHQXVVXU OHVELOOHV /HV









DYDQW OH SDVVDJH VXU OHV ELOOHV'DQV OD IUDFWLRQ©QRQ UHWHQXHª OHV F\FOHV T3&5
DX[TXHOVVRQWGpWHFWpVOHV$51VelavHWȕWXEQHVRQWSDVPRGLILpVSDUUDSSRUWjOD
IUDFWLRQ©DYDQWELOOHVªHW OHUDWLR&Welav &WȕWXE UHVWHHQYLURQpJDOjTXHFH
VRLWSRXUOHVpFKDQWLOORQV78RXSRXUOHVpFKDQWLOORQV±78&HVUpVXOWDWVLQGLTXHQW
TXHWUqVSHXG¶$51elavHVWHQIDLWPDUTXpHWRXUHWHQXSDU OHVELOOHVVWUHSWDYLGLQH
DSUqV WUDLWHPHQW 78 'DQV OD IUDFWLRQ ©pOXpHª OH VLJQDO ©elav » HVW GpWHFWp 
F\FOHV SOXV W{W TXH OH VLJQDO ©ȕWXEª SRXU OHV pFKDQWLOORQV 78 HQWUDLQDQW XQH
GLPLQXWLRQGXUDWLR&Welav&WȕWXE&HWWHYDULDWLRQPRQWUHTXHO¶$51elavHVWHQULFKL
GDQVFHWWHIUDFWLRQSDUUDSSRUWjO¶$51ȕWXEHWDGRQFpWpSOXVIRUWHPHQWUHWHQXVXU
OHV ELOOHV /¶$51  ȕWXE UHVWH QpDQPRLQV GpWHFWDEOH LQGLTXDQW TXH GHV $51V QRQ
PDUTXpVSDUOH78RXODELRWLQHSHXYHQWpJDOHPHQWVHIL[HUGHIDoRQQRQVSpFLILTXH
VXU OHVELOOHV3RXU OHVpFKDQWLOORQV 78GDQV OD IUDFWLRQ©pOXpHª O¶pFDUW HQWUH OHV
F\FOHVT3&5DX[TXHOVVRQWGpWHFWpV OHVVLJQDX[©elav » HW©ȕWXE » HVW IRUWHPHQW























)LJXUH   /D WHFKQLTXH GH © 78WDJJLQJ ª QH SHUPHW SDV XQ HQULFKLVVHPHQW VDWLVIDLVDQW HQ
$51V GX 36&
'DQV OD IUDFWLRQ © DYDQW ELOOHV ª O¶$51 antp FRPPH O¶$51 tep4 HVW GpWHFWp DX PrPH F\FOH GH T3&5
SRXU OHV pFKDQWLOORQV 78 HW ±78 3RXU O¶pFKDQWLOORQ 78 O¶$51 antp HVW GpWHFWp  F\FOHV SOXV WDUG
GDQV OD IUDFWLRQ © pOXpH ª TXH GDQV OD IUDFWLRQ © DYDQW ELOOHV ª WDQGLV TXH O¶$51 tep4 HVW GpWHFWp 
F\FOHV SOXV WDUG &HW pFDUW WUDGXLW XQ OpJHU HQULFKLVVHPHQW HQ $51 antp SDU UDSSRUW j tep4 3RXU
O¶pFKDQWLOORQ ±78 OHV $51 antp HW tep4 VRQW WRXV OHV GHX[ GpWHFWpV HQYLURQ  F\FOHV SOXV WDUG GDQV
OD IUDFWLRQ © pOXpH ª TXH GDQV OD IUDFWLRQ © DYDQW ELOOHV ª LQGLTXDQW TXH O¶HQULFKLVVHPHQW REVHUYp
SUpFpGHPPHQW HVW ELHQ G j O¶LQFRUSRUDWLRQ GH 78 GDQV OHV $51V GH OD */

5pVXOWDWV
$51V GH FHUYHDX[ REVHUYp GDQV OHV pFKDQWLOORQV 78 HVW ELHQ G j OD UpWHQWLRQ
VSpFLILTXH G¶$51V PDUTXpV SDU OHV ELOOHV VWUHSWDYLGLQH ,FL HQFRUH DXVVL ELHQ OHV
$51VelavTXHȕWXEVRQWGpWHFWpVGDQV OD IUDFWLRQ©pOXpHªPRQWUDQWXQH IL[DWLRQ
QRQVSpFLILTXHG¶$51VQRQPDUTXpVVXUOHVELOOHVVWUHSWDYLGLQH&HVH[SpULHQFHVRQW
GRQF SHUPLV G¶pWDEOLU TXH OHV ELOOHV FRXSOpHV j OD VWUHSWDYLGLQH SHUPHWWHQW ELHQ
G¶HQULFKLUODIUDFWLRQG¶$51VPDUTXpVGDQVXQHSRSXODWLRQJOREDOHG¶$51VPDLVFHV




-¶DL HQILQ WHVWp VL OH SURWRFROHPLV DX SRLQW VXU OD */ SHUPHW O¶REWHQWLRQ G¶XQH
SRSXODWLRQG¶$51VIRUWHPHQWHQULFKLHHQ$51VGX36&3RXUFHOD M¶DLFRPSDUpSDU
57T3&5 OD TXDQWLWp UHODWLYH GH GHX[ $51V O¶$51antennapedia antp H[SULPp
GDQV OD*/XQLTXHPHQW DX QLYHDXGX36& HW O¶$51 thioester-containing protein 4
tep4 H[SULPp GDQV OD =0 HW DEVHQW GX 36& /D FRPSDUDLVRQ GHV TXDQWLWpV
UHODWLYHVGHFHVGHX[$51VGDQV OHV IUDFWLRQV©DYDQW ELOOHVªHW ©pOXpHªSHUPHW
G¶DYRLU XQH SUHPLqUH LGpH GH O¶HQULFKLVVHPHQW HQ $51 GX 36& REWHQX DSUqV 78
WDJJLQJ &HWWH H[SpULHQFH V¶HVW UpYpOpH GLIILFLOH j FDXVH G¶XQ SUREOqPHPDMHXU OD
TXDQWLWp G¶$51V pOXpH j OD ILQ GX SURWRFROH HVW H[WUrPHPHQW IDLEOH 'DQV QRV
SUHPLHUV WHVWV XQH57T3&5 UpDOLVpH VXU OD WRWDOLWp GHV $51 pOXpV QH SHUPHWWDLW
PrPHSDVODGpWHFWLRQGHO¶$51antpjSDUWLUGHODUYHVcol!8357QRXUULHVRXQRQ
DYHFGX78(QDXJPHQWDQW OHQRPEUHGH*/GLVVpTXpHV M¶DL ILQDOHPHQWUpXVVLj
GpWHFWHU XQ VLJQDO DSUqV 57T3&5 VXU OD WRWDOLWp GH O¶$51 pOXp /HV 57T3&5
UpDOLVpHV VXU OD IUDFWLRQ ©pOXpHª RQW GRQF pWp UpDOLVpH j SDUWLU GH OD WRWDOLWp GHV
$51VpOXpVWDQGLVTXHFHOOHVUpDOLVpHVVXUODIUDFWLRQ©DYDQWELOOHVªRQWpWpIDLWHVj
SDUWLHGHQJG¶$51V/HV$51VantpHW tep4VRQWWRXVGHX[GpWHFWpVDXPrPH
F\FOH GDQV OHV IUDFWLRQV ©DYDQW ELOOHVª GHV pFKDQWLOORQV 78 HW ±78PRQWUDQW OD
UHSURGXFWLELOLWp GHV H[SpULHQFHV GH 57T3&5 )LJXUH  3RXU O¶pFKDQWLOORQ 78
O¶$51 tep4 HVW GpWHFWp  F\FOHV SOXV WDUG GDQV OD IUDFWLRQ ©pOXpHª TXH GDQV OD
IUDFWLRQ©DYDQWELOOHVª WDQGLVTXH O¶$51antpHVWGpWHFWpVHXOHPHQWF\FOHVSOXV
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 Self-renewal and differentiation of mammalian Hematopoietic Stem Cells (HSCs) are controlled by a 
specialized microenvironment called  “niche”. In the bone marrow, HSCs receive signals from both the 
endosteal and vascular niche. However, whether crosstalk exists between these two components has 
not been investigated. The Posterior Signalling Centre (PSC) of the larval Drosophila hematopoietic 
organ, the lymph gland (LG), plays a role equivalent to a niche, in regulating the balance between 
progenitor and differentiated blood cell. Here we report that the Drosophila vascular system 
contributes to LG cell homeostasis by regulating PSC function. Vascular cells produce Slit that activates 
Robo receptors in the PSC. Slit/Robo activation controls proliferation and clustering of PSC cells by 
regulating BMP/Dpp signalling, and small GTPase and DE- Cadherin, respectively. These findings 
reveal that signals from the vascular system control PSC morphology. Whether cross-regulation 
between endosteal and vascular niches exists in mammals is now an open question.  
 
The Drosophila larval hematopoietic organ, called the lymph gland (LG), develops in contact with the 
aorta, the anterior part of the cardiac tube, which corresponds to the Drosophila cardio-vascular system. 
Blood cells/hemocytes differentiate in the cortex of the LG, in a so-called cortical zone (CZ), from a pool 
of multipotent progenitors called prohemocytes present in the medullary zone (MZ) [1]. PSC/niche cells 
are clustered at the posterior end of the LG [2-4]. Several signalling pathways that control the LG the LG 
homeostasis, i.e. the balance between LG multipotent hemocyte progenitors and differentiated blood 
cells have been identified, among which Hedgehog (Hh) signalling from PSC to MZ  [5-16]. Like the niche 
in mammals, PSC size must be controlled to maintain normal LG hematopoietic homeostasis [2, 3, 5, 14, 
15, 17-21]. In PSC cells, Bone Morphogenetic Protein/ Decapentaplegic (BMP/Dpp) signalling activity 
controls niche size by repressing the proto-oncogene dmyc  [19]. Activation of BMP signalling in the PSC 
requires the expression of the Dally-like heparan sulfate proteoglycan (HSPG).  Nevertheless our 




remains fragmentary. Our unpublished LG transcriptome analyses identify the Robo2 receptor as being 
expressed in the PSC, in addition to Dlp [19], thereby raising  the question of what role Slit/Robo 
signalling plays in these cells.  
Here we show that Slit/Robo signalling contributes to maintaining the size, the morphology and the 
function of the Drosophila hematopoietic niche. Robos receptors are required in PSC cells to control 
both the proliferation rate and clustering of these cells. The ligand Slit is expressed in the cardiac tube, 
i.e. the vascular system, and signals to Robos in the PSC. Our data establish that inter-organ 
communication between the cardiac tube and the PSC is required to preserve the morphology and 
function of the PSC.  
 
Results 
Abnormal PSC morphology in robo mutants  
Slit/Robo signalling is a key regulator of axon guidance, cell migration, adhesion and proliferation both in 
vertebrates and invertebrates [22-24]. Three Robo receptors and one Slit ligand are encoded in the 
Drosophila genome [22, 25, 26]. Examining the expression of Robo receptors by immunostaining with 
anti-Robo antibodies or by looking at the expression of HA-tagged endogenous alleles [27], showed 
Robo2 expression in PSC cells, crystal cells and in the cardiac tube (Fig 1a and S1c), whereas Robo1 was 
detected in the MZ , the cardiac tube and at low levels in the PSC (Fig S1a). Barely detectable levels of 
Robo 3 were present in PSC cells (Fig S1e). Thus, all three robos were expressed in the PSC with robo2 at  
the highest level.  To study the role of Robos in PSC cells during larval development, we used a PSC 
specific Gal4 driver (col-Gal4) to express dsRNA against either robo2 (robo2 KD) or all three robos 
termed (robo KD). Decreased robo2 expression in the PSC resulted in an increased PSC cell number (Fig 
1e, g). Furthermore, whereas PSC cells were clustered posteriorly in wild-type LGs (Fig 1a and Mov S1), 
the posterior clustering was lost in robo2 KD PSC (Fig 1e, h). A comparable PSC defect was observed in a 
heterozygous context where one copy of robo2 was missing (Fig 1b-d).  A complete rescue of PSC size 




indicating that Robo2 was required in PSC cells to control their number and clustering. Reducing the 
expression of all three robos in the PSC (robo KD) aggravated PSC cell numbers and clustering defects 
(Fig 1f-h). Indeed, small clusters or individual PSC cells spread anteriorly along the surface of the LG (Fig 
1f and Mov S2). A similar phenotype was observed when using Antp-Gal4 as another PSC driver, 
confirming the requirement of Robo receptors in the PSC to control its morphology (Fig S1m, n). Down 
regulating all three robos led to a decrease of  all three Robos in PSC cells (Fig S1b, d, f) and generated a 
stronger PSC defect (Fig 1f-h)  compared to reducing robo2 alone (Fig 1e, g-h), indicating that robo 1 
and/or 3 might contribute to PSC morphology. However, no PSC defect was observed when dsRNA 
against robo1 or robo3 alone was expressed in PSC cells (Fig S1j-l). Altogether, these data indicated that 
robo2 was the main Robo receptor controlling PSC morphology and that robo1 and/or 3 are secondary 
contributors. 
To determine if PSC defects observed in robo KD PSC were linked to PSC cell mis-specification and/or 
dispersion, we examined the morphology of the PSC at different larval stages. Defects in robo KD PSCs 
were not observed in L1 larvae but were detected in L2 larvae and amplified in L3, suggesting that Robos 
were required  throughout larval development (Fig 2a-f). To go one step further, we used the temporal 
and regional gene expression targeting system (TARGET; Gal80ts/Gal4 expression system) [28]  to 
reduce robos in PSC cells at different time points during larval development. Loss of robos at either L1 or 
L2 stages led to PSC morphology defects, confirming the continuous requirement for robos (Fig 2g-j). To 
verify that scattered robo KD PSC cells were derived from PSC and not de novo re-specified MZ cells,  we 
turned to lineage tracing to mark all cells issued from the MZ, using the G-TRACE method with the 
dome-Gal4 MZ specific driver [2, 29]. We found no PSC cells, as labelled by Antp, expressing GFP in 
either wild-type or robo2 mutant (Fig 2k-n). This established that the scattered PSC cells observed in 
robo2 mutant LGs all originated from the PSC lineage. Altogether, these data indicated that during larval 




The control of PSC size was previously shown to be essential for LG hemocyte homeostasis [3, 5, 19, 21]. 
We therefore looked at hemocytes differentiation in col>robo KD conditions. Crystal cells and 
plasmatocytes, which are the two types of differentiated hemocytes found under normal conditions, 
were identified by proPO and P1 antibody staining, respectively. Compared to wild-type, fewer crystal 
cells and plasmatocytes were detected in robo KD LGs, confirming the relevance of the PSC size for 
normal LG hematopoiesis (Fig 1i-n). Hh expression in the PSC was shown to be required to maintain 
progenitors in the MZ and to block their differentiation [3]. As in wt, the Hh-GFP [15] transgene, a 
reporter of Hh expression in the PSC, was expressed in all PSC cells in a robo KD context (Fig S2).  This 
suggests that in robo KD mutants, the increased PSC size led to an increased production of Hh signal, 
among others, that acted non-cell-autonomously  and affected the LG homeostasis [3]. 
Slit expressed in the cardiac tube is required to control PSC morphology  
Slit is the single known Drosophila Robo ligand. High levels of Slit were detected in the cardiac tube (CT) 
and low levels in PSC cells (Fig 3a-b’).  Expression of slit dsRNA in the CT using the hand∆-Gal4 driver, 
resulted in barely detectable Slit levels in both the CT and  the LG (Fig S4a-b’), indicating that the source 
of Slit was the CT  and Slit  in the PSC  resulted from diffusion from the CT. In support of this conclusion, 
reducing slit expression (pcol>slit KD)  in PSC cells (Fig S4g, h) had no effect on PSC morphology, while 
reduction of slit expression specifically in the CT using either Hand∆-gal4 or another CT driver NP1029-
gal4 [30], led to both increased numbers and defective clustering of PSC cells (Fig 3c-f and S4c-d). PSC 
morphology defects observed in hand∆>slit KD LGs were rescued by co-expressing an active form of Slit 
(Slit-N) (Fig 3g-i, [31]), further confirming that Slit from the CT is required to control PSC morphology. A 
similar PSC phenotype was observed when one copy of slit was missing (Fig 3j-l). Slit ds RNA experiments 
were performed in larvae once the CT had formed to avoid any CT morphological defects due to 
Slit/Robo signalling requirement for embryonic CT development [32-36](Fig S4 e-f). To determine 
whether an ectopic source of Slit might affect the PSC we expressed Slit-N in the PSC, or MZ or CT cells. 




signalling in PSC cells (Fig S3g-l). Consistent with the increased PSC cell numbers observed in slit KD LGs, 
fewer crystal cells were present in the LGs when slit expression was downregulated in the CT (Fig 3m-o). 
Altogether, these data indicate that down-regulating slit in the CT caused a phenotype similar to 
downregulating robos in the PSC. These data demonstrate that Slit/Robo mediated communication 
between the vascular system and the PSC to control PSC cell number, clustering and ultimately function.  
Robo signalling controls PSC cell proliferation via the BMP signalling pathway and the accumulation of 
the Dally-like Heparan Sulfate Proteoglycan protein  
To determine whether cell proliferation was affected in robo KD, we analysed the expression of 
phospho-histone H3 (H3P), a M-phase marker, and calculated the mitotic index in the PSC and MZ+CZ 
(Fig 4a-c).  In agreement with the increased PSC size, the number of mitotic cells was statistically higher 
in the PSC of robo KD larvae than in wild-type. No change in the mitotic index in the other LG cells 
indicates that Robo receptors specifically modulated cell proliferation in the PSC without affecting the 
proliferation of other LG cells. Since proliferation of PSC cells is controlled by expression levels of the 
proto-oncogene dmyc  [19, 21], we questioned whether increased proliferation in the robo KD PSC was 
linked to dmyc regulation. In robo KD PSC, dmyc expression in the PSC was higher than wild-type (Fig 4 
d-f). We therefore asked whether decreasing dmyc could rescue robo KD PSC defects. Simultaneous 
reduction of  dmyc and robo (col>robo KD>dmyc KD) (Fig 4h, i) restored wt PSC cells numbers, but did 
not rescue clustering defects (Fig 4h, p), indicating that robos control PSC cell proliferation via dmyc 
regulation and clustering by other mechanisms. dmyc transcription in the PSC is under positive and 
negative regulation by Wnt/Wg and BMP/Dpp signalling, respectively (Fig 7  and [19]). We therefore 
wished to determine whether Wnt/Wg signalling was affected. D-frizzled 3 (Dfz3) is a target of the 
Wnt/Wg pathway [37], and the transgene Dfz3-RFP is a reporter of Wnt/Wg pathway activity in the PSC 
(Fig S6). Reduction of robo function in the PSC did not affect Dfz3-RFP expression, indicating that 
Wnt/Wg signalling was not impaired (Fig S6).  Furthermore, to determine whether BMP/Dpp signalling 




function in the PSC led to a decrease in dad-GFP expression. This effect, however, was not uniform but 
varied from cell to cell independently of their position (Fig 4j-k and S5a). This stochastic reduction of 
dad-GFP expression indicated that Robo signalling was required for robust BMP activity in all PSC cells. 
Activation of BMP/Dpp signalling required the Dally-like (Dlp) Heparan Sulfate Proteoglycan in PSC cells 
[19]. A strong decrease in Dlp level was observed in robo KD PSC (Fig 4l-m’ and S5b). To define whether 
Robos regulate dlp levels at transcription or protein levels, we analysed both the expression of a GFP 
reporter under the control of the dlp promoter (dlp-GFP) and dlp  by qRT-PCR. In robo KD LGs, dlp-GFP 
expression was similar to wild-type (Fig 4q, r) and no change in dlp RNA levels could be detected (Fig 
S5c). This suggests that Robo signalling does not control dlp transcription but rather Dlp protein level in 
PSC cells. We then asked whether restoring dlp could rescue robo KD PSC defects. Overexpression of dlp 
in robo KD PSC (col>robo KD>dlp) did indeed result in a normal number of PSC cells but did not rescue 
their clustering (Fig 4i, n-p), indicating that Robos regulate PSC cell proliferation by controlling Dlp 
accumulation. Altogether, these data establish that Robo signalling regulates PSC cell number by 
controlling BMP/Dpp signalling in PSC cells via the regulation of Dlp accumulation and in turn dmyc 
expression. 
 Robo signalling controls PSC cell numbers and their clustering via DE-cadherin 
The next step was to address how Robo signalling could control PSC cell clustering. Robo signalling 
inhibits cadherin-mediated adhesion in various cell types both in vertebrates and in Drosophila [32, 34, 
38]. DE-cadherin has been reported to be expressed in the MZ of L3 larval LGs [3, 39]. To examine its 
expression in the PSC during larval development, we used  a GFP tagged DE-Cadherin (DE-CadGFP)  
expressed under its endogenous promoter [40]. In wild-type LGs, DE-CadGFP was detected in the PSC at 
the L2 stage. Barely detectable levels were observed in L2 robo KD PSCs, compared to wild-type, 
indicating that Robos controlled DE-CadGFP accumulation in PSC cells (Fig 5a-b’). To test whether DE-
cadherin is required for PSC cell clustering, we expressed DE-cadherin dsRNA in PSC cells. We observed 




increased number of PSC cells was also found (Fig 5c-e), indicating that DE-cadherin was required to 
control both PSC cell numbers and clustering. We then asked whether the increased proliferation of PSC 
cells observed upon DE-cadherin removal from the PSC was linked to impairment of BMP/Dpp signalling. 
For this we examined dad-GFP expression and Dlp accumulation (Fig S7). Reduced DE-Cadherin in the 
PSC led to decreased dad-GFP and Dlp expression, suggesting that DE-Cadherin was required for normal 
accumulation of Dlp protein in PSC cells and, in turn BMP activity and, ultimately PSC cell number.  DE-
cadherin (shg) heterozygous mutants showed a mild PSC phenotype that was increased in robo2 and DE-
cadherin trans-heterozygous mutant LGs confirming that DE-cadherin and Robo2 acted together to 
control PSC morphology (Fig 5g-j). Furthermore, while overexpression of DE-cadherin in the PSC had no 
effect by itself, overexpression of DE-cadherin in robo KD LGs partially rescued PSC cell numbers (Fig 5k-
m).  Furthermore, although the rescue of PSC cell clustering is non-significant, the overexpression of DE-
Cadherin in robo KD LGs attenuates the PSC clustering defect of robo KD alone (Fig 5 N). The method 
used to quantify PSC clustering, reflects PSC cells dispersion of but does not take into account the 
number of PSC cells clusters. Counting PSC cells clusters indicate that while an average of 27 clusters  
(n=26 lobes) was measured in robo KD,  approximately 5 (n=20 lobes)  were observed when DE-cadherin 
was overexpressed in robo KD. This indicates that the overexpression of DE-cadherin in robo KD favour 
the formation of larger PSC cell clusters compared to robo KD, and thus it  indicates a partial rescue of 
the PSC cell clustering defect. In conclusion, Robos are necessary for the accumulation of DE-cadherin in 
PSC cells, which in turn controls both their numbers and clustering. 
Robo signalling controls PSC cell clustering by repressing Cdc42 activity 
Incomplete rescue of the robo KD PSC clustering phenotype by DE-cadherin overexpression indicated 
that other Robo signalling targets were involved. The small RhoGTPase Cdc42, which acts on actin 
dynamics, was one obvious candidate since many studies have shown that Robo signalling represses 
Cdc42 activity [26, 41]. While the expression of a dominant negative form of Cdc42 (Cdc42DN) in the 




a constitutively active form (Cdc42CA) led to a clustering defect without affecting PSC cell numbers (Fig 
6a-d). These data indicate that Cdc42 must be inactivated to maintain PSC cell clustering. To determine 
whether Cdc42 inactivation and Robo signalling were functionally linked, we performed rescue 
experiments. The expression of the inactive form (Cdc42DN) in robo2 KD PSC rescued cell clustering 
defects (Fig 6e-i), showing  that Robo signalling controls PSC cell clustering by repressing Cdc42 activity.  
Vilse encodes a Rho GAP that binds a conserved domain, CC2, in the intracellular part of Robo1 and links  
Robo1 signalling to rac and Cdc42 activities in Drosophila tracheal cells and axons [42, 43]. However, 
Vilse does not bind the Robo2 receptor [28, 42]. We analysed the PSC morphology in vilse1/+ 
heterozygous mutant LGs.  While no change in PSC cell numbers was observed, there was a clustering 
defect (Fig 6j-m), suggesting that vilse could contribute to PSC cell clustering. To test this possibility we 
performed rescue experiments by overexpressing vilse in robo KD PSCs. We observed 60% of the LGs (n= 
10 lobes) have not clustering defects indicating a partial rescue of PSC cell clustering defect (Fig 6q). 
Altogether, this suggests that vilse might function downstream of Robo signalling to control PSC cell 
clustering via regulating Cdc42 activity.    
Discussion 
The dependence of hematopoietic cell homeostasis on signals from the niche has been 
established in both vertebrates and Drosophila [2, 3, 44-47]. Like the niche in mammals, PSC size must 
be controlled to maintain normal LG hematopoietic homeostasis.  However, mechanisms controlling the 
size and the morphology of the niches are poorly understood. Here we provide evidence that the 
Drosophila  cardiac tube (CT) is required to maintain the PSC morphology and in turn its function.  This is 
the first demonstration that communication between the vascular system and the hematopoietic niche 
exists in Drosophila. We establish that this communication is mediated by Slit/Robo signalling. Slit from 
the CT activates Robo receptors in the PSC which control both the number and clustering of PSC niche 
cells. Our data reveal a new signalling cascade, with Robo  acting on the accumulation of the HSPG Dally-




repression. Furthermore, our data establish that Slit/Robo signalling also acts via DE-Cadherin 
upregulation and Cdc42 inactivation in order to modulate PSC cell clustering.  A summary integrative 
model is given in Fig 7.  
Since its discovery as a key regulator of axon guidance, both in Drosophila and in vertebrates, the 
Slit/Robo signalling pathway has been implicated in the regulation of different developmental processes, 
including cell adhesion, cell migration and cell proliferation, depending upon the tissue context. 
Furthermore, it has been shown to act either as an oncogene and/or a tumor suppressor [22, 24, 48].   
Our finding that Slit/Robo signalling regulates both proliferation and clustering of Drosophila PSC cells, is 
the first demonstration that  this pathway signalling can coordinate both processes in the same group of 
cells. An independent study reported that bag of marbles (bam), a putative translational regulator, 
controls the number and clustering of PSC cells, through its interactions with the Insulin-like growth 
factor pathway and Retinoblastoma (Rbf)-family protein [21].  It has been proposed that Bam/Rbf could 
regulate PSC cell numbers by repressing dmyc expression in parallel to BMP(Dpp)/Wnt(Wg) signalling, 
but the PSC clustering defect was not addressed. Thus, several signalling pathways may converge to 
regulate precisely the number and clustering of PSC cells. Whether Robo signalling and Bam/Rbf interact 
to control PSC cell clustering remains an open question. 
 Previous studies established that Slit/Robo signalling  regulates cell motility or adhesion by controlling 
the activity of small Rho GTPases such as  Rho, Rac, and Cdc42 and Cadherin, but the underlying 
molecular mechanisms are poorly understood [26, 38, 49]. In Drosophila tracheal cells and axons, 
activation of Robo1 by Slit results in the recruitment and activation of Vilse, a Rac/Cdc42 GAP. Vilse 
binds to one conserved domain (called CC2) of the intracellular domain of the Robo1 receptor, while 
Robo2 lacks this domain [42, 43]. We have now shown that PSC cell clustering requires the inactivation 
of Cdc42 under the control of Slit/Robo signalling and that Vilse could contribute to this process, 
probably by binding Robo1. However, Robo2 is the main actor in the PSC, and the mechanisms by which 




Proper formation of the Drosophila embryonic  cardiac tube requires both Robo1 and Robo2 receptors, 
which act in part by controlling the dynamic distribution of DE-Cadherin in post-mitotic cardiomyocytes 
during lumen formation [32-34, 36]. Our data show that Slit/Robo signalling controls the expression of 
DE-Cadherin in PSC cells and that DE-Cadherin regulates PSC cell clustering and proliferation,  via the 
regulation of the HSPG Dlp accumulation. Previous studies performed in mammary epithelial tumor cells 
pointed to coordinated changes in the expression of Syndecan1, another transmembrane HSPG, and E-
Cadherin during epithelial cell transformation [50]. Together, these studies and our data suggest that 
HSPG distribution by Cadherin was used both in mammals and in invertebrates and could be involved in 
either normal or tumorigenic processes.  
In mammals the micro-environment that controls HSC self-renewal and differentiation in the bone 
marrow has two components: an endosteal (osteoblastic) niche and a vascular niche [45-47]. Even 
though there is a growing body of knowledge on mammalian hematopoietic niche function, the 
importance of crosstalk between the endosteal and vascular niches has not been addressed so far. Our 
study in Drosophila demonstrates for the first time communication between the vascular system and 
the hematopoietic niche, raising the question of whether this communication also exists between the 
endosteal and vascular niches in mammals. Recent profiling studies indicate that Slit ligands (Slit1-3) and 
Robo receptors (Robo 1-4) are expressed in the mouse bone marrow [51-53]. Considering the low 
genetic redundancy in Drosophila, and the high degree of conservation of fundamental cellular functions 
and signalling pathways between Drosophila and vertebrates, there is promise that our newly identified 
regulation will guide further work in the more complex process of mammalian hematopoiesis.  
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Figure Legends 
Figure 1: Robo2 receptor is expressed in PSC cells and Robo signalling controls PSC cell number, 
clustering and function.  
(a) Robo2-HA (HA, green) in the LG is expressed in PSC cells marked by Col (red). (a’, a”) Enlarged views 
showing co-localization of Col with Robo2-HA. (b) robo2
Ex33
/+ heterozygous mutant LGs display a larger 
and disrupted PSC as stained by Antp (red). (e,f) PSC cells are stained by Col (red, e) or Antp (red, f) or 
express mcd8-GFP (col>GFP, green, f). Reducing robo2 (robo2 KD) (e) or robo1, 2 and 3 simultaneously 
(robo KD) (f) in the PSC leads to an increased number of PSC cells and their deficient clustering. (c, g) 
Quantification of PSC cell numbers. (d, h) Quantification of PSC cell clustering. (i, j) wt (i) and robo KD (j) 
LGs stained for PSC cells (Col, green) and crystal cells (proPO, red). Compared to wt LGs (i) fewer crystal 
cells differentiate in robo KD  lymph glands (j). (k) Crystal cell index. (l, m) wt (l) and robo KD (m) LGs 
stained for plasmatocyte (P1, red). Compared to wt LGs (l) fewer plasmatocytes differentiate in robo KD  
lymph glands (m). (n) Plasmatocyte index. For all quantifications and in all figures: error bars represent 
SEM and *P<0.1; **P<0.01; ***P<0.001; ****P<0.0001 and ns (not significant); Student t test. In all 






Fig 2: Robo receptors are required to control PSC morphology during larval development and MZ 
lineage tracing. 
 (a-f) Antp (red) and GFP (green) label PSC cells in control (col>GFP) (a-c) and in col>robo KD LGs (d-f). (a, 
d) L1 larvae, (b, e) L2 larvae and (c, f) early L3 larvae.  (g, j) Antp (red) and GFP (green) label PSC cells in 
Gal 80ts context;  control (col>) (g, i) and in col>robo KD LGs (h, j). The temperature shift (18°C to 29°C) 
was performed in L1 (g, h) or L2 (i, j) and LG were analysed in L3. (k-n) Antp (red) labels PSC cells (k,m) 
and GFP (green) labels MZ lineage traced cells in control (dome>Flp; ubi>FRT>GFP) (k, l) and in 
robo2
Ex33
/+ heterozygous mutant (dome>Flp; ubi>FRT>GFP; robo2
Ex33
/+) (m, n).  Nuclei are labelled with 
DAPI (blue) (a-n). Scale bars: 10µm. 
Figure 3 : Slit expressed in the cardiac tube is required to control PSC morphology.  
(a-b’) PSC cells express GFP (col>GFP, green) under the PSC col driver. Slit (red in a, b and white in b’) is 
expressed at high levels in the cardiac tube indicated by a star. (b-b’) Enlarged views showing weak Slit 
expression in PSC cells (red in b and white in b’). (c, d) PSC cells are labelled by Col (red) and the cardiac 
tube expresses GFP under the control of the cardiac tube driver Hand∆ (hand∆>GFP, green). Compared 
to control (c), reducing Slit levels in the cardiac tube leads to an increased number of PSC cells and the 
loss of their clustering (d). (e, f) Quantification of PSC cell numbers and PSC cell clustering, respectively. 
(g) Antp (red) labels PSC in hand∆>slit KD>Slit-N. The slit KD PSC defect is rescued by Slit-N 
overexpression in the CT. (h, i) Quantification of PSC cell numbers (h) and PSC cell clustering (i);  * 
corresponds to the comparison to wt, whereas * above a bar indicates the two conditions being 
compared. (j) Antp (red) labels the PSC in slit
2
/+ heterozygote mutant. (k, l)  Quantification of PSC cell 
numbers (k) and PSC cell clustering (l). (m, n) crystal cells are labelled by proPO antibody (red) and the 
cardiac tube expresses GFP (hand∆>GFP, green) under the control of the cardiac tube driver Hand∆. 
Fewer crystal cells differentiate in LGs when slit expression is decreased in the cardiac tube (n), 




Figure 4: Robo receptors in the PSC control PSC cell proliferation through the activation of the 
BMP/Dpp signalling pathway and the accumulation of the Dally-like Heparan Sulfate Proteoglycan 
protein.  
(a, b) H3P staining (red) in the presence or absence of robos in PSC cells (green). (c) Mitotic index in the 
PSC and (MZ+CZ) in wt and robo KD LG. (d-e’) PSC cells express RFP (red) under the PSC col driver in wt 
(d) and in robo KD (e). dmyc staining (green) (d, e) and white (d’, e’). (f) Quantification of dmyc mean 
intensity in PSC cell in wt and in robo KD. (g, h) PSC cells are stained by Antp (red) and express GFP ( 
Col>GFP, green). Reduction of dmyc expression in the PSC (g) slightly reduces the number of PSC cells; 
dmyc reduction in robo KD PSCs rescues the number of PSC cells but not their clustering (h). (i, p) 
Quantification of PSC cell numbers (i) and PSC cell clustering (p) under various mutant conditions. (j, k’) 
dad-GFP (green) is expressed in PSC cells labelled by Col (red). Compared to wt (j, j’) robo KD PSC (k, k’) 
expresses a lower level of dad-GFP. (l-m’) Dlp (red) is expressed in PSC cells labelled by GFP (green). 
Compared to control (l, l’), robo KD PSC (m, m’) expresses a lower level of Dlp. (n, o) PSC cells express 
GFP (green) and are stained by Antp (red). The overexpression of Dlp in the PSC slightly reduces the 
number of PSC cells (n, i), in robo KD this restores a wt number of PSC cells but not their clustering (o, i, 
p). (q, r) Antp (red) and Dlp-GFP (green) label PSC cells in wt (q) and robo KD (r). All PSC cells express GFP 
both in wt and robo KD .  
 
Figure 5: Robo receptors control the number and clustering of PSC cells via DE-cadherin. 
 (a-b’) L2/Early L3 LGs where DE-Cadherin-GFP (green in a, b; black in a’, b’) is expressed in PSC cells 
labelled by Antp (red in a, b). Compared to wt (a, a’) robo KD LGs (b, b’) express a lower level of DE-
Cadherin-GFP in the PSC. (c, d) Antp (green) and RFP (col>moeRFP, red) label PSC cells in control (c) and 
in col>DE-cadherin KD PSC (d). (e, f, i, j, m, n) Quantification of PSC cell numbers (e, i, m) and PSC cell 
clustering (f, j, n) in various mutant conditions. Reduction of DE-cadherin in the PSC (d) leads to an 




(n=44 lobes) does not reveal a significant clustering defect. However, these LGs can be divided into two 
classes: clustered (66%) and unclustered (33%), revealing a clustering defect (f). (g, h) Antp (red) labels 
the PSC in DE-cadherin mutant (shotgun, shg) shg
GE13814










heterozygote compared to the single shg
GE13814
/+   heterozygous mutants. For robo2
Ex33
/+ trans-




/+ trans-heterozygote, the 
quantification of PSC cell numbers and clustering for robo2 
Ex33
/+ heterozygote is given in Fig 1c-d. (k, l) 
Antp (red) and GFP (green) label PSC cells when DE-cadherin (DE-Cad) is overexpressed (k) or when robo 
KD and DE-cadherin are co-expressed in the PSC (l).  
 
Figure 6: Robo receptors control PSC cell clustering by repressing Cdc42 activity. 
(a, b) LifeactGFP (green) is expressed in PSC cells under the control of the col driver (col>) (a) and co-
expressed with a constitutive form of Cdc42 (cdc42-CA) (b). (c, d) Quantification of PSC cell numbers (c) 
and PSC cell clustering (d). (e-g) Antp (green) and RFP (col>moeRFP, red) label PSC cells in robo2 KD (e), 
when a dominant negative form of Cdc42 (cdc42-DN) is expressed (f) or when robo2 KD and cdc42-DN 
are co-expressed in the PSC (g). While the expression of cdc42-DN has no major effect on PSC cells (f), its 
co-expression in robo2 KD (g) rescues the robo2 KD PSC defect (e). (h, i) Quantification of PSC cell 
numbers (h) and PSC cell clustering (i). (j, k) Antp (red) labels PSC cells in vilse
1
/+ heterozygous mutant (j) 
and in vilse1/+; robo2
Ex33
/+ trans heterozygous mutant (k).  (l, m) Quantification of PSC cell number (l) 
and PSC cell clustering (m). A PSC cell clustering defect is observed in vilse
1
/+ heterozygous mutant. (n, 
o) Antp (red) labels PSC cells in col>vilse (n) and  col>vilse>robo KD (o). (p, q) Quantification of PSC cell 
numbers (p) and PSC cell clustering (q). Averaging the clustering of all col>robo KD>vilse LGs does not 
reveal a significant clustering defect (Fig 6q). However, these LGs (n= 10 lobes) can be divided into two 
classes: clustered (60%) and unclustered (40%), revealing a partial rescue of PSS cell clustering defect. 





Figure 7:  A integrative model for the role of Robo signalling in the PSC  
 Schematic diagram of a wt LG, with the PSC in red, the MZ in green, the CZ in blue and the CT in grey. 
Slit from the CT activates the Robo signalling pathway in the PSC. Robo signalling controls PSC cell 
clustering and proliferation. The maintenance of PSC morphology is required to maintain LG 
homeostasis. Proposed interactions between Robos, BMP/Dpp signalling, DE-Cadherin and Cdc42 
activity for the control of PSC cell proliferation and clustering are indicated. Dlp expression in the PSC is 




Sup Fig 1 : Robo 1, 2 and 3 are expressed in the LG and  are are required to control PSC morphology . 
(a-f”) PSC cells express GFP (green) under the PSC col driver in wt (a, c, e) and in robo KD ( b, d, f). LGs 
and enlarged views of PSCs stained by Robo1 (red in a, a’, b,  b’ and white in a”, b”), Robo2 (red in c, c’, 
d, d’ and white in c” and d”) and Robo3 (red in e, e’, f,  f’ and white in e”, f”). Arrows indicate crystal cells 
and a star indicates the cardiac tube. (g) Antp (red) labels PSC cells in col>robo2 KD>robo2-HA. (h, i) 
Quantification of PSC cell number (h) and PSC cell clustering (i).  (j-l) PSC cells express GFP (green) under 
the PSC col driver in wt (j), in robo1 KD (k) and in robo3 KD (l). (m, n) Antp (red) labels PSC cells in wt (m) 
and in antp>robo KD (n). Nuclei are labelled with DAPI (blue). Scale bars: 10µm. 
Sup Fig 2: Robo receptors are not required for Hh expression in the PSC . 
(a-c’) hh-GFP (green) labels PSC cells in control (a, a’) and in robo KD LGs (c, c’); Antp (red) labels PSC 
cells (a, c). (b) Quantification of Hh-GFP mean intensity in PSC cell. Nuclei are labelled with Topro (blue) . 
Scale bars: 10µm. 




(a, d, g) PSC cells express GFP (green) under the PSC col driver in wt (a) and in conditions of  robo2-HA 
(d) or slit-N (g) over/ectopic expression.  (b, e, h) Antp (red) labels PSC cells, GFP (dome>GFP, green) 
labels MZ cells in control (b) and in conditions of robo2-HA (e) or slit-N (h) ectopic/overexpression. (c, f, 
i) Antp (red) labels PSC cells, GFP (hand∆>GFP, green) labels CT cells in control (c) and in conditions of  
robo2-HA (f) or slit-N (i) ectopic/overexpression. (j-l) Quantification of PSC cell number when col (j), 
dome (k) and hand∆ (l) drivers are used. Nuclei are labelled with Topro (blue) (a-i). Scale bars: 10µm. 
Sup Fig 4: slit dsRNA treatment strongly reduces the amount of Slit in the cardiac tube (CT) and does 
not affect CT morphology. 
 (a, a’) hand∆> and (b, b’) hand∆>slit KD LGs stained for Slit (red in a, b ; black in a’, b’). Dashed lines 
delineate the CT (*) and the LG. (c, d) Antp (red) labels PSC cells in control (NP1029>GFP)(c) and in slit 
KD mutant (NP1029>GFP>slit KD) (d). Antp (red) labels also cardiac cells (arrowhead in d).  (e, f) (GFP) 
labels the CT in control (hand∆>GFP) (e) and in slit KD (hand∆>slit KD) (f). 3D reconstructions of the CT,  
indicate that no defect in CT morphology is observed in slit KD. None of the two CT drivers, Hand∆ (e) or 
NP1029 (c) is expressed in the LG.  (g, h) Col (red) labels the PSC in control (g) and in LG where Slit is 
decreased in PSC cells (col>slit KD) (h). No defect in PSC morphology is observed in col>slit KD. Nuclei are 
labelled with DAPI (blue). Scale bars: 10µm.  
Sup Fig 5: Measurement of dad-GFP and Dlp intensity in robo KD mutant.   
(a, b) dad-GFP (a) and Dlp (b) mean intensity in PSC cells in wt and in robo KD. (c) Quantitative RT-PCR of 
dlp relative to antp in wt and robo KD dissected LGs.  
Sup Fig 6: Activity of the Wnt/Wg pathway is unaffected in robo KD PSC.  
(a-c’) Dfz3-RFP (red in a-c; black in a’-c’) and GFP (green in a-c) under the control of the col driver 
(col>GFP) in wt PSC (a, a’), in robo KD PSCs (b, b’) and in a PSC expressing a Dominant Negative form of 
dTCF (dTCF
DN
) (c,c’). Whereas a weaker than normal RFP staining is observed in the PSC cells when the 




a’). Dashed line visualizes the PSC. (d) The intensity of RFP per PSC cell relative to other LG cells is given. 
Nuclei are labelled with DAPI (blue) (a-c). Scale bars: 10µm. 
Sup Fig 7: DE-Cadherin controls Dlp and BMP/Dpp activity in the PSC.  
(a-b’) the PSC is visualised by lifeactGFP (green) in control (a, a’) and DE-Cad KD (b, b’) and  Dlp 
expression is in red.  Dashed line visualizes the PSC. (c) Quantification of Dlp means intensity in PSC cells. 
(d-e’)Antp (red) labels the PSC in control (d, d’) and in DE-Cad KD(e, e’), dad-GFP is in green. (f) 
Quantification of dad-GFP mean intensity in PSC cells. Decreasing DE-Cadherin in the PSC leads to the 
decrease of both Dlp (b, c) and dad-GFP (e, f) expression in PSC cells. Nuclei are labelled with Topro 
(blue). Scale bars: 10µm. 
Movie S1 and S2: Robo signalling in the PSC controls PSC cell numbers and their clustering.  
3D reconstruction of LGs expressing lifeactinGFP in the PSC (green) in control (S1) and robo KD (S2) 
larvae. 
Materials and methods  
 
Fly strains: w118(wt) , UAS-mcd8GFP [2], dad-GFP (J. Casanova, Institut de Biologia Molecular de 
Barcelona, Barcelona, Spain), robo2
Ex33
 (G. Bashaw, University of Pennsylvania School of Medicine, 
Philadelphia, USA), Robo2-HA (B. J. Dickson, Research Institute of Molecular Pathology, Vienna, Austria), 
vilse
1
 and UAS-vilse (C. Samakovlis, Wenner-Gren Institute, Stockholm, Sweden), UAS-DE-cadherin and 
UAS–dmyc ds (C. Benasayag, Centre de Biologie du Développement, Université Toulouse III, Toulouse, 
France), DE-cadherin-GFP (Y. Hong, University of Pittsburgh School of Medicine, Pittsburgh, USA), antp-
Gal4 and UAS-RedStinger, UAS-ubi-STOP-Stinger, UAS-Flp/CyO (G-TRACE),  (U. Banerjee, Molecular 
Biology Institute, University of California, Los Angeles, USA) , hand∆−Gal4 and NP 1029-Gal4 (L. Perrin, 
TAGC/UMR 1090, Université, Aix Marseille, France), UAS-robo1,2,3 ds (robo KD) and UAS-Slit-N (T. Volk, 
Weizmann Institute of Science, Israel), Dlp-GFP (D. Harrison, University of Kentucky, USA), Dfrz3-RFP 




the Bloomington and the Vienna Drosophila RNAi stock centres: islit ( VDRC 108853 and BL 31467), 
irobo1 ( VDRC 100624 and BL 31663), irobo2 (VDRC 11823 and BL 34589), irobo3 (VDRC44702 and BL 
29398) and iDE-cad (VDRC 103962). For islit and irobo2 we mainly used VDRC 108853 and BL 34589, 
respectively. All other strains were provided by the Bloomington stock center. For RNAi treatments, 
UAS-Dicer 2 was introduced and Drosophila development proceeded at 18°C until L1 stage before 
shifting to 29°C.  
Antibody staining  
Staining procedures were performed as described elsewhere[19, 54], using mouse anti-Col (1/200; [2]; 
guinea-pig anti-Col (1/5000; A. Moore, Doshisha University, Kyotanabe, Kyoto, Japan); rabbit anti-H3P 
(1/200; Upstate Biotechnology); mouse anti-proPO (1/200; T. Trenczel, Justus-Liebig-University Giessen, 
Giessen, Germany); anti-P1 (1/30; I. Ando, Institute of Genetics, Biological Research Center of the 
Hungarian Academy of Science, Szeged, Hungary) ; mouse anti-Antp (1/100),  anti-Dlp (1/50), anti-Robo1 
(1/10), anti-Robo3 (1/10) and anti-slit (1/10; Hybridoma Bank), rabbit anti-Robo2 (1/200; B. J. Dickson, 
Research Institute of Molecular Pathology, Vienna, Austria),  mouse anti-HA (HA11; 1/100; Covance). 
Quantification of PSC cell numbers 
In all experiments, all genotypes were analysed in parallel and quantifications (either for PSC cell 
number  or PSC cell clustering) given in one panel correspond to one experiment. Each experiment was 
repeated independently at least three times. PSC cells were counted manually using Fiji multi-point tool 
software. Statistical analyses t test (Mann–Whitney nonparametric test) was performed using GraphPad 
Prism 5 software. 
Quantification of PSC cell clustering 
3D Volocity software was used to define the ROIs (Region Of Interests) corresponding to the PSC  
stained by either Antp, or GFP, or RFP expressed under a PSC driver.  The “close” function was used to 
increase artificially the size of the ROIs, leading to fusion of the touching areas. The number of iterations 




scattered was the PSC, the more distant were the initial ROIs, and the higher was the iteration number. 
The number of iterations thus measures “PSC cell clustering”. For computing time reasons, the iteration 
maximum was stopped at 50 times. 
 Quantification of expression intensity per cell 
3 slides per stack were analysed. Fiji software was used to define the ROIs (Region Of Interests) 
corresponding to PSC cells. The mean intensity for Hh-GFP, Dad-GFP and Dlp in each ROI was quantified. 
For nuclear staining such as for Hh-GFP and Dad-GFP, Antp labelling was used to define ROIs. For 
membrane staining such as for Dlp, mcd8-GFP expressed under the Pcol driver was used to define ROIs.  
Mitotic index measurement 
For counting mitotic cells, anti-H3P staining was performed on Pcol>GFP (GFP-labelled PSC cells) and 
Pcol>GFP>robo KD LGs. The  lymph gland size fluctuates from one larva to another, even in synchronised 
wild type larvae. Measuring the mitotic index is therefore the most reliable way to determine how 
proliferation is affected in a given mutant context, since it takes into account the variation in size 
between individual LGs of the same genotype. The mitotic index in the PSC was measured by dividing 
the total number of PSC cells by the number of H3P positive cells. The mitotic index in the MZ and CZ 
was measured by dividing the total number of MZ and CZ cells by the number of H3P positive cells. 
Using ICY software, the total number of cells stained by DAPI in the PSC, MZ and CZ was quantified, and 
the number of mitotic figures in a given LG was counted. At least 14 anterior lobes were scored per 
genotype. Statistical analyses t test (Mann–Whitney nonparametric test) was performed using GraphPad 
Prism 5 software). 
Crystal cell and plasmatocyte quantification 
Lymph glands were stained with proPO antibody (crystal cell) or P1 antibody (plasmatocyte) and DAPI or 
Topro (nuclei). Optimized confocal sections were done on Leica SPE or Zeiss 710 microscopes for 3D 
reconstructions. The number of crystal cells, the volume (in µm
3
) of plasmatocytes and the volume (in 
µm
3




Crystal cell index corresponds to the number of crystal cells/ (primary lobe volume/10000). 
Plasmatocyte index corresponds to the plasmatocyte volume/primary lobe volume. At least 15 anterior 
lobes were scored per genotype. Statistical analyses t test  (Mann–Whitney nonparametric test) were 
performed using GraphPad Prism 5 software. 
Intensity Ratio for dfz3-RFP 
The mean intensity of dfz3-RFP staining per cell was determined using Fiji software. To calculate the 
intensity ratio of dfz3-RFP in PSC cells, the mean intensity of dfz3-RFP staining for five randomly selected 
PSC cells, was divided by the mean intensity of dfz3-RFP staining for five randomly selected MZ or CZ 
cells. Statistical analyses t test (Mann–Whitney nonparametric test) were performed using GraphPad 
Prism 5 software.  
3D reconstruction Movies 
LifeactinGFP was expressed in wt and robo KD PSC cells. Optimized z stacks where performed on 
Zeiss710 confocal microscope.  PSCs 3D reconstruction and rotation were performed using 3D viewer 
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Un modèle d’étude in vivo 
du microenvironnement 
contrôlant les cellules 
souches hématopoïétiques
Ismaël Morin-Poulard, Isabelle Louradour, 
Nathalie Vanzo, Michèle Crozatier
> Le maintien et la fonction des cellules souches 
qui assurent le renouvellement des tissus sont 
dépendants du microenvironnement de ces 
cellules, désigné par le terme « niche ». Chez les 
mammifères, plusieurs voies de signalisation ont 
été impliquées dans les communications entre 
les cellules souches hématopoïétiques et leur 
niche. Nos connaissances de ces communications 
restent cependant fragmentaires. La découverte 
chez la drosophile d’une niche hématopoïétique, 
le posterior signaling center (PSC), a ouvert de 
nouvelles possibilités d’études génétiques. Le 
nombre des cellules du PSC est déterminant 
pour l’homéostasie entre progéniteurs 
hématopoïétiques et cellules différenciées. 
Le décryptage d’une cascade de signalisation 
contrôlant cette taille a établi de nouveaux 
parallèles entre la drosophile et les mammifères, 
et ouvert de nouvelles perspectives d’étude chez 
l’homme. < CSH [1-6] (Figure 1). Cependant, bien que le concept de niche ait été 
proposé dès 1978 [7], les relations fonctionnelles entre niches et CSH 
restent mal connues. La découverte d’une « niche hématopoïétique » 
chez la drosophile ouvre de nouvelles possibilités pour étudier in vivo 
comment le microenvironnement contrôlant l’autorenouvellement et la 
différenciation des progéniteurs hématopoïétiques est lui-même régulé.
Avantages du modèle drosophile pour des études in vivo
La majorité des gènes qui régulent l’hématopoïèse sont conservés au 
cours de l’évolution, de la drosophile aux vertébrés [8]. La redon-
dance fonctionnelle entre gènes/protéines d’une même famille étant 
beaucoup moins importante chez la drosophile, ce modèle facilite 
les analyses fonctionnelles in vivo [9]. La drosophile présente aussi 
un temps de génération court et offre une panoplie de techniques 
génétiques sophistiquées. Enfin, alors que chez les vertébrés l’héma-
topoïèse adulte se situe dans la moelle osseuse, elle a lieu chez la 
drosophile dans un organe facilement accessible et manipulable in 
vivo : la glande lymphatique.
L’hématopoïèse chez la drosophile
L’hématopoïèse de la drosophile, à l’origine des cellules sanguines 
(appelées hémocytes chez les insectes), se déroule en deux vagues 
successives au cours du développement (pour revue voir [10,11]).
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La niche hématopoïétique des mammifères
Les cellules souches jouent un rôle essentiel pour le 
maintien de l’homéostasie des tissus adultes. L’utilisa-
tion des cellules souches, un des espoirs de la médecine 
régénératrice, nécessite d’identifier et de caractériser 
les mécanismes moléculaires impliqués dans leur auto-
renouvellement, leur prolifération et leur différenciation. 
Il est maintenant acquis que le microenvironnement 
cellulaire, appelé niche, joue un rôle essentiel dans le 
contrôle de ces processus. Chez l’homme adulte, les 
cellules souches hématopoïétiques (CSH) résident dans 
la moelle osseuse où elles prolifèrent et se différencient 
en cellules des différents lignages sanguins : érythrocy-
taire, myéloïde, lymphoïde et mégacaryocytaire. Deux 
compartiments majeurs de la niche hématopoïétique 
sont la niche endostéale (proche de l’os) et la niche vas-
culaire, contenant différents types de cellules stromales 
sécrétant des facteurs solubles dans l’environnement des 
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progéniteurs hématopoïétiques (Figure 2B). Les lobes 
antérieurs comportent trois zones : la zone médullaire 
(ZM) qui contient les progéniteurs hématopoïétiques 
pluripotents ; la zone corticale (ZC), localisée au cortex 
de la glande, où se différencient les hémocytes ; et le 
PSC (posterior signaling center), un centre de signali-
sation localisé dans la partie postérieure et composé 
d’environ 30 cellules (Figure 2B) [15]. La spécification 
du PSC au cours de l’embryogenèse requiert la fonction 
du gène collier (col), qui code pour un facteur de trans-
cription conservé au cours de l’évolution. Quatre gènes 
apparentés (orthologues) ont été identifiés chez les 
mammifères : les gènes early B-cell factor (ebf), dont 
deux, ebf1 et ebf2 sont impliqués dans l’hématopoïèse 
[16-19]. L’analyse de mutants col a permis de montrer 
que le PSC est requis pour maintenir un pool de progé-
niteurs hématopoïétiques pluripotents dans la glande 
lymphatique [20, 21], une fonction similaire à celle de 
la niche des CSH chez les vertébrés. Le PSC de drosophile 
constitue donc un modèle de choix, complémentaire du 
modèle de la souris, pour étudier in vivo les mécanismes 
cellulaires et moléculaires impliqués dans la formation 
et la fonction de la niche hématopoïétique.
Les voies de signalisation impliquées 
dans la fonction du PSC
L’invalidation de gènes spécifiques du PSC ou de cha-
cune des deux autres zones a montré que le PSC sécrète 
des signaux diffusibles, capables d’activer différentes 
voies de signalisation dans les autres compartiments 
de la glande lymphatique. Deux de ces signaux issus 
du PSC ont été bien caractérisés : le morphogène Hh 
- La première vague a lieu au stade embryonnaire à partir du méso-
derme antérieur et est à l’origine de la spécification de deux types 
d’hémocytes circulants, apparentés au lignage myéloïde des vertébrés. 
Les plasmatocytes, équivalents fonctionnels des macrophages, sont 
impliqués dans la phagocytose. Les cellules à cristaux, fonctionnelle-
ment apparentées aux plaquettes, sont requises pour la cicatrisation 
et la mélanisation, une réaction spécifique aux arthropodes.
- La seconde vague d’hématopoïèse a lieu au stade larvaire dans un 
organe hématopoïétique dédié, appelé glande lymphatique. Outre des 
plasmatocytes et des cellules à cristaux, un troisième type cellulaire, 
les lamellocytes, se différencient dans la glande lymphatique en 
réponse à un stress immun, tel que l’infection par des guêpes para-
sitoïdes, parasites naturels des drosophiles. Les lamellocytes sont 
de grandes cellules très adhérentes, qui encapsulent et neutralisent 
un pathogène trop gros pour être détruit par phagocytose. La glande 
lymphatique se désagrège au début de la métamorphose et ses cellules 
sont libérées dans la circulation [12]. Ainsi, au cours de la métamor-
phose et dans les mouches adultes, l’hémolymphe contient un mélange 
d’hémocytes d’origine embryonnaire et d’origine larvaire [13]. À ce 
jour, aucun processus hématopoïétique n’a été décrit au stade adulte.
La glande lymphatique : l’organe hématopoïétique larvaire 
de la drosophile
La glande lymphatique se forme au cours de l’embryogenèse, au 
contact du tube cardiaque qui est le système vasculaire de la mouche 
(Figure 2A). Au cours des trois stades larvaires successifs (durée 
totale de 96 h), la glande lymphatique augmente de taille. Au dernier 
stade larvaire, la glande est mature et les hémocytes se différen-
cient. À ce stade, la glande est composée de deux lobes antérieurs 
(ou primaires) formés au stade embryonnaire, et d’une suite de plus 
petits lobes postérieurs (ou secondaires) formés au cours des stades 
larvaires [14]. Ces lobes secondaires correspondent à des réservoirs de 
Figure 1. La niche hématopoïétique 
chez les mammifères. Chez les mam-
mifères adultes, l’hématopoïèse 
a lieu dans la moelle osseuse. Les 
cellules souches hématopoïétiques 
(CSH, vert foncé) s’autorenouvellent 
(flèche) et donnent naissance aux 
progéniteurs hématopoïétiques (P, 
vert clair). Les cellules composant la 
niche, appelées cellules stromales, 
correspondent à différents types cel-
lulaires. Deux compartiments majeurs 
de la niche hématopoïétique ont été 
identifiés et sont étroitement imbri-
qués : la niche endostéale, majori-
tairement composée d’ostéoblastes, 
et la niche vasculaire, correspondant 
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formée par un petit groupe de cellules localisées au pôle postérieur du lobe antérieur. Les cellules du centre de signalisation (PSC, en rouge) expri-
ment le facteur de transcription Collier (Col). Les lobes postérieurs (ou secondaires) sont composés de progéniteurs hématopoïétiques et servent 
de réservoirs de cellules. La barre d’échelle correspond à 80 µm. C. Représentation schématique de la partie postérieure d’un lobe antérieur. Les 
cellules du PSC (rouge) envoient des signaux requis pour le maintien des progéniteurs de la ZM. Collier (Col) contrôle l’expression du morphogène 
Hedgehog (Hh) dans le PSC. Le ligand Hh diffuse et active la voie de signalisation Hh dans la ZM, qui est nécessaire au maintien de l’état progéni-
teur via la répression de la protéine kinase A (PKA). La voie de signalisation PDGF/VEGFR est activée dans la ZC grâce à la diffusion du ligand PVF1 
synthétisé dans le PSC. L’activation de cette voie conduit à l’inactivation de la voie de signalisation adénosine/AdoR dans la ZM. Cette dernière 
contrôle positivement l’activité de PKA.
(hedgehog) et le ligand PVF1 (platelet-derived growth factor/vas-
cular endothelial growth factor-like factor) (Figure 2C). La perte de 
fonction dans le PSC des gènes hh ou pvf1 conduit à la différencia-
tion prématurée des progéniteurs hématopoïétiques. Cependant, les 
cibles et communications cellulaires de ces deux signaux sont très 
différentes. Hh agit directement sur les progéniteurs de la ZM et est 
nécessaire au maintien de leur état progéniteur pluripotent [21]. PVF1 
diffuse par exocytose à partir du PSC et agit, via son récepteur PDGF/
VEGFR, dans les hémocytes en cours de différenciation. Il y stimule la 
sécrétion d’ADGF-A (adenosine deaminase-related growth factor-A), 
une enzyme modifiant l’adénosine extracellulaire. Cette modification 
conduit à l’inactivation de la voie de signalisation adénosine/AdoR 
(adenosine receptor) dans les cellules de la ZM. La voie AdoR régule 
positivement l’activité de la protéine kinase A (PKA), favorisant la 
différenciation, alors que la signalisation Hh inhibe l’activité PKA dans 
la ZM. Le contrôle positif de l’activité PKA par les cellules se différen-
ciant, via la voie adénosine/AdoR, et négatif par le PSC, via la voie Hh, 
permet un maintien de l’équilibre entre progéniteurs et 
cellules différenciées [22]. D’autres études ont montré 
que la voie JAK (Janus kinase)/STAT (signal transducer 
and activator of transcription) est activée et néces-
saire dans la ZM [23]. Ces données montrent que les 
communications entre le PSC et la ZM sont indispen-
sables au maintien de l’équilibre entre cellules progéni-
teurs pluripotentes et cellules différenciées au sein de 
la glande lymphatique, et mettent en jeu de multiples 
voies de signalisation.
La voie de signalisation BMP/Dpp contrôle 
le nombre de cellules de la niche 
hématopoïétique chez la drosophile
La voie de signalisation BMP (bone morphogenetic pro-

































Figure 2. La niche hématopoïétique chez la drosophile. A. Image 
d’une larve mutante où la glande lymphatique nécrosée est mar-
quée en noir. La barre d’échelle correspond à 0,5 mm. B. Image 
en microscopie confocale d’une glande lymphatique de larve de 
drosophile (dernier stade larvaire). Les lobes antérieurs (ou pri-
maires) sont les plus développés et sont organisés en trois zones. 
La zone médullaire (ZM, en vert) est composée de progéniteurs 
hématopoïétiques et la zone corticale (ZC, en bleu) d’hémocytes 
différenciés provenant de la différenciation des progéniteurs. La 
troisième zone, le centre de signalisation (PSC, en rouge), est 
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niveaux de signalisation Wnt et Dpp détermine la taille 
du PSC [27, 29]. L’étape suivante était de déterminer 
les conséquences du changement du nombre de cellules 
du PSC sur la différenciation des hémocytes (Figure 4A) 
[21, 27].
L’homéostasie des cellules au sein de la glande 
lymphatique est dépendante de la taille du PSC
L’inactivation de la signalisation Dpp dans le PSC 
induit à la fois une augmentation du nombre des cel-
lules du PSC et une perte de différenciation des hémo-
cytes, indiquant que le contrôle de la taille du PSC est 
un paramètre essentiel de l’homéostasie hémocytaire 
dans la glande lymphatique (Figure 4A). L’expression 
de Hh n’est cependant pas affectée dans ces condi-
tions [21], ce qui suggère que l’augmentation du 
nombre de cellules du PSC provoque une augmentation 
de la quantité de Hh total produit, qui conduit au 
maintien de toutes les cellules de la LG (hors PSC) à 
l’état de progéniteurs multipotents [27]. Une perte 
de fonction de col dans le PSC à partir du deuxième 
dans de nombreux processus biologiques [24-26]. Cette voie est acti-
vée suite à la liaison d’un ligand de type TGFβ (transforming growth 
factor b) à un récepteur de type II, suivie du recrutement et de la 
phosphorylation d’un récepteur de type I. Le complexe récepteur type I 
plus II phosphorylé active par phosphorylation un facteur de trans-
cription Smad (mothers against decapentaplegic homolog). Smad 
activé recrute un cofacteur, Smad4/Medea, puis devient nucléaire et 
active la transcription de ses gènes cibles (Figure 3A). Chez la dro-
sophile, la voie BMP, appelée Dpp (decapentaplegic), comporte trois 
ligands (Dpp, glass bottom boat et screw), deux récepteurs de type I 
(thickvein [Tkv] et saxophone), deux récepteurs de type II (wishfull 
thinking [Wit] et Punt), un transactivateur Smad et son cofacteur 
Medea [25]. Au sein de la glande lymphatique, la voie Dpp est spécifi-
quement activée dans le PSC par liaison de Dpp à ses récepteurs Tkv et 
Wit [27]. L’inactivation génétique de la signalisation Dpp dans le PSC 
conduit à une augmentation considérable du nombre de cellules du 
PSC, montrant que la voie Dpp contrôle la prolifération des cellules du 
PSC (Figure 3B). Ce contrôle de la prolifération passe par la répression 
de l’expression de Dmyc, l’orthologue chez la drosophile du proto-
oncogène Myc vertébré (Figure 3E). Il a été montré indépendamment 
que la voie de signalisation wingless (Wg/Wnt) [28] régule positive-
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Figure 3. La voie de signalisation BMP/Dpp contrôle la taille du PSC. A. Le ligand Dpp se fixe sur le récepteur de type II, conduisant à la formation 
d’un complexe composé de récepteurs de type I et de type II. Ce complexe activé s’autophosphoryle et phosphoryle le facteur de transcription 
Smad. Smad phosphorylé recrute son cofacteur (Medea) et entre dans le noyau pour activer la transcription de gènes cibles. B. Au stade larvaire, 
la voie BMP/Dpp est activée dans le PSC (en rouge). L’inactivation dans le PSC de cette voie (C.) ou de col (D.) conduit à une augmentation mas-
sive du nombre de cellules composant le PSC. La perte de fonction de Col dans le PSC (D.) entraîne une inactivation de la voie BMP/Dpp dans ces 
cellules indiquant que Col contrôle l’activation de cette voie. E. Représentation schématique de la cascade de régulation contrôlant le nombre 
de cellules du PSC. L’activation de la voie BMP/Dpp par Collier dans le PSC réprime l’expression du proto-oncogène Myc (Dmyc chez la drosophile), 
impliqué dans la prolifération.

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Figure 4. Contrôle de la taille 
et de la fonction de la niche 
hématopoïétique de drosophile : 
nouveaux parallèles avec les 
mammifères. A. L’inactivation 
de la voie BMP/Dpp dans le PSC 
entraîne une augmentation du 
nombre de cellules du PSC et, 
par conséquent, du niveau des 
signaux émis par celui-ci. Ceci 
conduit préférentiellement au 
maintien des progéniteurs de la 
ZM au détriment des hémocytes 
différenciés. L’inactivation de col 
dans le PSC conduit également 
à une augmentation du nombre 
de cellules du PSC. Cependant, 
la balance entre la ZM et la ZC 
n’est pas modifiée par rapport 
au contexte sauvage. B. Chez la 
drosophile, Col contrôle à la fois l’expression du signal Hh et l’activation de la voie de signalisation BMP/Dpp. La signalisation Wg contrôle égale-
ment le nombre de cellules de la niche. Cette étude révèle de nouveaux parallèles entre les rôles de Col, BMP/Dpp et Wg chez la drosophile et leurs 
orthologues mammifères EBF2, BMP et Wnt, dans le contrôle de l’hématopoïèse.
stade larvaire, après la phase de spécification dans l’embryon, 
conduit à une augmentation du nombre de cellules du PSC. Cette 
augmentation est corrélée à la perte d’activation de la voie BMP 
dans le PSC. Pourtant, contrairement à la simple inactivation de la 
voie Dpp, l’augmentation de la taille du PSC consécutive à l’absence 
de Col n’empêche pas la différenciation des hémocytes. D’où l’hypo-
thèse que l’augmentation du nombre de cellules du PSC, en absence 
de Col, est compensée par une perte partielle de leur activité de 
signalisation (Figure 4). En accord avec cette hypothèse, l’expres-
sion de Hh dans les cellules du PSC est significativement diminuée 
dans des conditions de perte de fonction de Col. L’ensemble de ces 
données montre que le facteur de transcription Collier coordonne les 
programmes de prolifération et de signalisation des cellules de la 
niche hématopoïétique, et que cette coordination est un paramètre 
essentiel de l’hématopoïèse (Figure 4B).
De la drosophile aux mammifères
Bien que les données concernant la formation et la fonction de la 
niche hématopoïétique chez la drosophile et la souris restent frag-
mentaires, de nombreux parallèles peuvent déjà être établis entre ces 
deux organismes modèles. Ainsi, chez la souris, la perte de fonction 
du gène codant pour la β-caténine, facteur de transcription en aval 
de la voie Wg/Wnt, entraîne une diminution du nombre d’ostéoblastes 
[30]. Un phénotype comparable est observé chez la drosophile où 
l’inactivation du ligand Wg dans le PSC conduit à la réduction de la 
taille de ce dernier (Figure 4B) [27, 29]. Un second parallèle concerne 
l’implication de la voie BMP/Dpp requise pour le contrôle de la taille de 
la niche chez la drosophile. En effet, l’inactivation d’un 
récepteur de la voie de signalisation BMP (BMPR1A) 
dans les ostéoblastes conduit à une augmentation de 
leur nombre et, ainsi, du nombre de CSH [31]. Enfin, 
de nouveaux parallèles pourraient être établis sachant 
qu’EBF2 (early B-cell factor 2), l’un des orthologues 
murins de Col, est exprimé dans les ostéoblastes et 
est requis pour le maintien des CSH [32]. De la même 
manière, chez la drosophile, Col est requis pour le main-
tien des précurseurs hématopoïétiques. Cependant, le 
mécanisme impliqué demeure non élucidé et les inte-
ractions possibles entre EBF2 et les voies BMP et Wnt 
restent à établir. De même, une meilleure connaissance 
des voies de signalisation impliquées dans la commu-
nication entre la niche et les CSH chez les mammifères 
[33] permettra de déterminer si les voies de signalisa-
tion Hh et PDGF/VEGFR (platelet derived growth factor/
vascular endothelial growth factor), impliquées dans ce 
processus chez la drosophile, jouent aussi un rôle dans 
la niche des vertébrés. ‡
SUMMARY
The drosophila hematopoietic niche
Stem cells are required for both tissue renewal and 
repair in response to injury. The maintenance and func-
tion of stem cells is controlled by their specific cellular 
microenvironment called “niche”. Hematopoietic stem 
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been extensively studied in mammals. Genetic and molecular analyses 
performed in mice identified several signaling pathways involved in the 
cellular communications between HSC and their niche. However, hema-
topoietic niche plasticity remains poorly understood. The discovery of 
a Drosophila hematopoietic niche, called PSC, established a new model 
to decipher the niche function in vivo. Size control of the PSC is essen-
tial to maintain hematopoietic tissue homeostasis and a molecular 
cascade controlling the PSC cell number has been characterized. Novel 
parallels between Drosophila and mammalian hematopoietic niches 
open new perspectives for studies of HSC biology in human. ‡
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j ODGLVSHUVLRQGH OD*/DSUqVSDUDVLWLVPH$XVHLQGHFH UpVHDXGHV LQWHUDFWLRQV
SHXYHQWrWUHGLVFXWpHV6LQHQNRHWFROSURSRVHQWTXHORUVGHODUpSRQVHDX
SDUDVLWLVPH O¶DXJPHQWDWLRQGXQLYHDXGH526GDQV OH36&FRQWU{OH OH FOLYDJHGX
OLJDQG6SLGDQVFHVFHOOXOHV6SLSHXWDORUVGLIIXVHUHWDFWLYHUODYRLH(*)5GDQVOHV
KpPRF\WHV HQ FLUFXODWLRQ TXL VH GLIIpUHQFLHQW HQ ODPHOORF\WHV SRXU SHUPHWWUH
O¶HQFDSVXODWLRQ GH O¶°XI GH JXrSH 1pDQPRLQV GDQV FHWWH pWXGH DXFXQ WHVW
IRQFWLRQQHO G¶pSLVWDVLH HQWUH OHV 526 HW 6SL Q¶D pWp UpDOLVp HQ FRQGLWLRQ GH
SDUDVLWLVPH /D SURSRVLWLRQ VHORQ ODTXHOOH O¶DFWLYDWLRQ SDU FOLYDJH GH 6SL HVW
GpSHQGDQWHGHV526DpWpEDVpHVXUO¶REVHUYDWLRQVXLYDQWHXQHDXJPHQWDWLRQGX
QLYHDX GH 526 GDQV OH 36& UpDOLVpH HQ LQKLEDQW O¶H[SUHVVLRQ GH O¶HQ]\PH GH OD
FKDvQH UHVSLUDWRLUH 1' FRQGXLW j OD SUpVHQFH HFWRSLTXH GH ODPHOORF\WHV HQ
FLUFXODWLRQHW ODTXDQWLWpGH ODPHOORF\WHVREVHUYpHHVW IRUWHPHQWGLPLQXpH ORUVTXH
6SLHVW LQKLEpHQPrPHWHPSVTXH1'GDQVOH36&/¶DXJPHQWDWLRQGHV526D
LFL pWp UpDOLVpH DXPR\HQ G¶RXWLOV JpQpWLTXHV HW SRXUUDLW QH SDV UHIOpWHU FH TXL VH
SDVVHHQ FRQGLWLRQ GH SDUDVLWLVPH ,O Q¶HVW DLQVL SDV H[FOX TXH OHV526HW OD YRLH
(*)5 DJLVVHQW HQ IDLW HQ SDUDOOqOH SRXU FRQWU{OHU OD GLVSHUVLRQ GH OD */ HWRX
O¶HQFDSVXODWLRQDSUqVSDUDVLWLVPH
'H SOXV OH SKpQRW\SH GH GpIDXW GH GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH
REVHUYpDSUqV LQKLELWLRQGHspi GDQVOH36&HVWSHXSpQpWUDQWDORUVTXHGHV
*/V FRQWU{OHV VRQW GLVSHUVpHV HW DXFXQH Q¶HVW LQWDFWH VHXOHPHQW  GHV */V
antp!spi.'VRQWWRWDOHPHQWLQWDFWHVOHV*/VUHVWDQWHVpWDQWGLVSHUVpHVRXHQFRXUV




VRQWGLVSHUVpHV FI UpVXOWDWV ,3OXVLHXUVK\SRWKqVHVSRXUUDLHQWH[SOLTXHUFHV
UpVXOWDWV   O¶LQKLELWLRQGHspi GDQV OH36&HVW UpDOLVpHSDU51$L /H51$LXWLOLVp
Q¶HVWSHXWrWUHSDVDVVH]HIILFDFHSRXUGLPLQXHUIRUWHPHQWO¶H[SUHVVLRQGHspiGDQVOH
36&FRQGXLVDQWjXQHFRQGLWLRQK\SRPRUSKH6SLQ¶HVWSDV OHVHXO OLJDQGGH OD
YRLH(*)5'¶DXWUHV OLJDQGV SRXUUDLHQW rWUH H[SULPpV SDU OH36&HW FRQWULEXHU HQ
SOXV GH 6SL j O¶DFWLYDWLRQ GH OD YRLH (*)5 GDQV OD =0 ,O VHUDLW LQWpUHVVDQW GH
GpWHUPLQHU VL *XUNHQ HW 9HLQ OHV GHX[ DXWUHV OLJDQGV GH OD YRLH (*)5 VRQW
LPSOLTXpVGDQVODUpSRQVHDXSDUDVLWLVPH
,OUHVWHpJDOHPHQWjLQWpJUHUODYRLH-$.67$7GDQVOHUpVHDXJpQLTXHFRQWU{ODQW
OD GLVSHUVLRQ GH OD*/ DSUqV SDUDVLWLVPH (Q HIIHW WRXW FRPPH O¶DXJPHQWDWLRQ GX
QLYHDXGH526HW O¶DFWLYDWLRQGHVYRLHV7ROO1)ț%HW(*)5 ODYRLH-$.67$7HVW
QpFHVVDLUH j OD GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH 1pDQPRLQV O¶DFWLYLWp GHV
YRLHV-$.67$77ROO1)ț%HW(*)5DLQVLTX¶XQKDXWQLYHDXGH526VRQWUHTXLVj
GHV WHPSV GLIIpUHQWV (Q HIIHW O¶DFWLYDWLRQ GH OD YRLH -$.67$7 GDQV OD =0 HVW
UHTXLVH DYDQW SDUDVLWLVPH SXLV OD YRLH HVW LQDFWLYpH FRQWUDLUHPHQW DX[ YRLHV







=0 (QILQ RQ SHXW pJDOHPHQW HQYLVDJHU TX¶XQH UpDFWLYDWLRQ GH OD YRLH -$.67$7









UpSRQVH HIILFDFH FRQWUH OH SDUDVLWLVPH SDU GHV JXrSHV &UR]DWLHU HW DO 
.U]HPLHĔ HW DO  6LQHQNR HW DO  (Q SDUWLFXOLHU O¶DFWLYDWLRQ GH OD YRLH
7ROO1)ț%GDQVOH36&VXLWHDXSDUDVLWLVPHHVWUHTXLVHSRXUFRQWU{OHUODGLVSHUVLRQ
GH OD*/ FI UpVXOWDWV ,(QSOXVGX36& OD YRLH7ROO1)ț%HVWpJDOHPHQWDFWLYpH
GDQV OD=0+DSUqVSDUDVLWLVPHFRPPH OHPRQWUH O¶H[SUHVVLRQGX WUDQVJqQH'
ODF=UDSSRUWHXUG¶DFWLYLWpGHVIDFWHXUVGHWUDQVFULSWLRQ'LIHW'O'pWHUPLQHUVLFHWWH
DFWLYDWLRQ GH OD YRLH 7ROO1)ț% GDQV OD =0 HVW LPSOLTXpH GDQV OD UpSRQVH DX
SDUDVLWLVPH UHVWH j rWUH pOXFLGp 8QH K\SRWKqVH HVW TXH FHWWH DFWLYDWLRQ GDQV OHV
SURJpQLWHXUV KpPDWRSRwpWLTXHV SRXUUDLW FRQWULEXHU j OHXU GLIIpUHQFLDWLRQ HQ
ODPHOORF\WHV 8Q SRLQW LQWpUHVVDQW QRWp DX FRXUV GH PHV DQDO\VHV HVW OLp DX
SKpQRW\SH REVHUYp ORUV GH OD VXUH[SUHVVLRQ GH OD YRLH 7ROO1)ț% GDQV OH 36& HQ
DEVHQFH GH SDUDVLWLVPH O¶H[SUHVVLRQ GX WUDQVJqQH 8$67ROO% HQWUDLQDQW XQH
DFWLYDWLRQFRQVWLWXWLYHGHODYRLHVRXVOHFRQWU{OHGXSLORWHG¶H[SUHVVLRQVSpFLILTXHGX
36&col-gal4FRQGXLWjODGLIIpUHQFLDWLRQGHODPHOORF\WHVGDQVOD*/&HSHQGDQWOHV
ODPHOORF\WHVVRQW ORFDOLVpVXQLTXHPHQWGDQV OD=& OD=0pWDQWSUpVHQWHGDQVFHV
*/VTXLQHVHVRQWSDVGLVSHUVpHV$LQVL ODVXUH[SUHVVLRQGH7ROO%GDQV OH36&
QH SHUPHW SDV GH PLPHU OH SKpQRW\SH REVHUYp GDQV OD */ HQ UpSRQVH DX
SDUDVLWLVPHSDUGHVJXrSHV&HVREVHUYDWLRQV LQGLTXHQWTXH O¶DFWLYDWLRQGH OD YRLH
7ROO1)ț% GDQV OH 36& Q¶HVW SDV VXIILVDQWH SRXU SHUPHWWUH OD GLIIpUHQFLDWLRQ GHV
SURJpQLWHXUV KpPDWRSRwpWLTXHV GH OD =0 HQ ODPHOORF\WHV XQH IRQFWLRQ
SRWHQWLHOOHPHQW UHPSOLH SDU O¶DFWLYDWLRQ GH OD YRLH 7ROO1)ț% GDQV OD =0'H IDoRQ
JpQpUDOHDXFXQHGHVPDQLSXODWLRQVTXH M¶DLSX UpDOLVHUGDQV OH36&\FRPSULV OD
VXUH[SUHVVLRQG¶XQHIRUPHFOLYpHGXOLJDQG6SLQ¶DSHUPLVODGLVSHUVLRQGHOD*/HQ
DEVHQFH GH SDUDVLWLVPH ,O HVW GRQF SRVVLEOH TXH OD GLVSHUVLRQ GH OD */ DSUqV
SDUDVLWLVPHVRLWUpJXOpHjODIRLVSDUGHVVLJQDX[SURYHQDQWGX36&HWGHOD=0/D
FRQWULEXWLRQ GH OD =0 HW OD QDWXUH SUpFLVH GHV VLJQDX[ PLV HQ MHX UHVWHQW j rWUH
GpILQLH
/¶DQDO\VH GH O¶H[SUHVVLRQ GHV 526 ORUV GX SDUDVLWLVPH DSSRUWH XQ DUJXPHQW
VXSSOpPHQWDLUH HQ IDYHXU G¶XQH FRQWULEXWLRQ GH OD =0 GDQV OH FRQWU{OH GH OD
GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH (Q HIIHW XQH DXJPHQWDWLRQ GX QLYHDX GH
526GDQV OH 36& D pWp GpFULWH + DSUqV SDUDVLWLVPH 6LQHQNR HW DO  (Q

'LVFXVVLRQ
UHSURGXLVDQW FHWWH H[SpULHQFH M¶DL REVHUYp TXH OH QLYHDX GH 526 HVW pJDOHPHQW
IRUWHPHQW DXJPHQWp GDQV OD =0 DSUqV SDUDVLWLVPH &HWWH DXJPHQWDWLRQ SRXUUDLW
DXVVLFRQWULEXHUDXFRQWU{OHGHODGLVSHUVLRQGHOD*/DSUqVSDUDVLWLVPH'HSOXVLOD
pWp REVHUYp GDQV OH ODERUDWRLUH TXH O¶LQDFWLYDWLRQ VSpFLILTXH GDQV OH 36& GX JqQH
puffyeye puff FRGDQW SRXU XQH GpXELTXLWLQ\ODVH FRQGXLW j XQH DXJPHQWDWLRQ GX
QLYHDXGH526GDQVOH36&PDLVDXVVLGDQVOD=0DLQVLTX¶jODGLIIpUHQFLDWLRQGH
ODPHOORF\WHVGDQV OD*/ $QXUDJ6KDUPDGRQQpHVQRQSXEOLpHVGH O¶pTXLSH -¶DL
pJDOHPHQW REVHUYp TXH VXSSULPHU O¶DXJPHQWDWLRQ GHV 526 GDQV OH 36& HQ
FRQGLWLRQVGHSDUDVLWLVPHcol>catalaseHQWUDLQHXQHGLPLQXWLRQGH O¶H[SUHVVLRQGX
UDSSRUWHXU GX QLYHDX GH526*VW'ODF= j OD IRLV GDQV OH 36& HW GDQV OD =0 FI
UpVXOWDWV , /¶HQVHPEOH GH FHV UpVXOWDWV VXJJqUH TX¶LO H[LVWH HQ FRQGLWLRQ GH
SDUDVLWLVPHXQHUpJXODWLRQGXQLYHDXGH526GHOD=0SDUOH36&/DTXHVWLRQGHV
PpFDQLVPHV LPSOLTXpV GDQV FHWWH UpJXODWLRQ Q¶D SDV HQFRUH pWp DERUGpH GDQV OH
ODERUDWRLUHHWUHVWHSDUWLFXOLqUHPHQWLQWULJDQWH
(Q FRQFOXVLRQ OH FRQWU{OH GH OD GLVSHUVLRQ GH OD */ DSUqV SDUDVLWLVPH HVW
FRPSOH[H HW IDLW LQWHUYHQLU GLIIpUHQWV QLYHDX[ GH UpJXODWLRQ /H36& HVW XQ DFWHXU








*/DSUqVSDUDVLWLVPH ODJDLQHGH0(&HQWRXUDQW OD*/HVW URPSXHSHUPHWWDQW OH




SRXUUDLW HQWUDLQHUXQH WHQVLRQPpFDQLTXHVXIILVDQWHSRXUSHUPHWWUH O¶pFODWHPHQWGH
O¶RUJDQH$XFRXUVGHPDWKqVHM¶DLHQWUHSULVGHPHVXUHUODTXDQWLWpGHODPHOORF\WHV
SURGXLWV GDQV OD*/ DSUqV SDUDVLWLVPH 3RXU FHOD M¶DL XWLOLVp OHPDUTXHXU QXFOpDLUH
0VQ*)3H[SULPpGDQV OHV ODPHOORF\WHV/HSUREOqPHHVWTX¶XQH IRLVGLIIpUHQFLpV
OHV ODPHOORF\WHV VRQW UDSLGHPHQW UHOkFKpV KRUV GH OD */ /D IHQrWUH GH WHPSV
SHQGDQW ODTXHOOH GHV ODPHOORF\WHV GLIIpUHQFLpV VRQWPDLQWHQXV GDQV OD*/ HVW WUqV
FRXUWH HW YDULH G¶XQH*/ j O¶DXWUH -H Q¶DL GRQF SDV UpXVVL j DYRLU XQH HVWLPDWLRQ
ILDEOH GX QRPEUH GH ODPHOORF\WHV SUpVHQWV GDQV OD */ HW j pWDEOLU V¶LO H[LVWH XQH
FRUUpODWLRQHQWUHFHQRPEUHHWODGLVSHUVLRQGHOD*/DSUqVSDUDVLWLVPH1pDQPRLQV
ELHQ TX¶LO Q¶DLW SDV pWp TXDQWLILp IRUPHOOHPHQW OH QRPEUH GH ODPHOORF\WHV REVHUYp
GDQV OHVPXWDQWV dif1 HWpll2pll7 VHPEOHPRLQGUH SDU UDSSRUW DX[ FRQWU{OHV ,O HVW
GRQFWRXWjIDLWSRVVLEOHTXHOHGpIDXWGHGLVSHUVLRQREVHUYpGDQVFHVPXWDQWVVRLW
G j XQ QRPEUH UHVWUHLQW GH ODPHOORF\WHV GLIIpUHQFLpV 'H SOXV XQ UHWDUG GDQV OD
GLIIpUHQFLDWLRQGHVODPHOORF\WHVSRXUUDLWpJDOHPHQWFRQWULEXHUDXSKpQRW\SHREVHUYp
'DQV OH PXWDQW dif1 WUqV SHX GH ODPHOORF\WHV VRQW HQ HIIHW REVHUYpV + DSUqV
SDUDVLWLVPHFRQWUDLUHPHQWDX[*/VFRQWU{OHVPDLVGHVODPHOORF\WHVVRQWFODLUHPHQW




HQWRXUDQW O¶RUJDQH /HV0pWDOORSURWpDVHV GH ODPDWULFH 003V VRQW GHV HQ]\PHV
GRQW OD IRQFWLRQHVWGHFOLYHU OHVSURWpLQHVGH OD0(&,OH[LVWHGHX[003VFKH] OD
GURVRSKLOH 003 HW 003 /ODQR HW DO  /ODQR HW DO  1RXV DYRQV
REVHUYp TXH 003*)3 UDSSRUWHXU G¶H[SUHVVLRQ GH mmp1 DLQVL TXH OH SLORWH
mmp2-gal4 FRQWU{ODQW O¶H[SUHVVLRQGH OD*)3, VRQWH[SULPpVGDQV OHV ODPHOORF\WHV

'LVFXVVLRQ
SUpVHQWV GDQV OD*/ DSUqV SDUDVLWLVPH VXJJpUDQW TXH FHV GHX[PpWDOORSURWpDVHV
SRXUUDLHQWrWUHLPSOLTXpHVGDQVODGLJHVWLRQGHOD0(&HQWRXUDQWOD*/QRQSXEOLp






/¶DSSURFKH GH ©78WDJJLQJª HQWUHSULVH DX GpEXW GHPD WKqVH Q¶D SDV SHUPLV
G¶pWDEOLU OH WUDQVFULSWRPHGHV FHOOXOHV GX36&j FDXVHGHQRPEUHXVHV FRQWUDLQWHV
WHFKQLTXHV OLpHVHQSDUWLFXOLHUj ODTXDQWLWpGHPDWpULHOGLVSRQLEOHHWDXIDLEOH WDX[
G¶HQULFKLVVHPHQW HQ $51V G¶LQWpUrW REWHQX FI UpVXOWDWV ,,, '¶DXWUHV DSSURFKHV
WHFKQLTXHV RQW pWp HQWUHSULVHV RX HQYLVDJpHV DILQ G¶LGHQWLILHU OH WUDQVFULSWRPH GHV
FHOOXOHVGX36&2XWUHXQ WUDQVFULSWRPH UpDOLVpDYDQWPRQDUULYpHjSDUWLUGH*/V
HQWLqUHV GLVVpTXpHV GDQV GLYHUV FRQWH[WHV JpQpWLTXHV O¶pTXLSH D HQWUHSULV G¶LVROHU
OHVFHOOXOHVGX36&GXUHVWHGHOD*/DILQGHUpDOLVHUOHXUWUDQVFULSWRPH3RXUFHOD
O¶DSSURFKH HQYLVDJpH pWDLW G¶XWLOLVHU OD /DVHU &DSWXUH 0LFURGLVVHFWLRQ /&0 /H
SULQFLSHGHOD/&0HVWG¶LVROHUXQHSRSXODWLRQGHFHOOXOHVPDUTXpHVSDUO¶H[SUHVVLRQ
G¶XQPDUTXHXUIOXRUHVFHQWWHOTXHOD*)3DXVHLQG¶XQWLVVXHQXWLOLVDQWXQODVHUTXL
GpIRUPH XQ ILOP SODVWLTXH WUqV ILQ DXTXHO YRQW UHVWHU FROOpHV OHV FHOOXOHV G¶LQWpUrW
%RQQHU HW DO  6LPRQH HW DO  6XDUH]4XLDQ HW DO 
0DOKHXUHXVHPHQWFHWWHDSSURFKHV¶HVWDYpUpHQRQDGDSWDEOHjOD*/
/¶pTXLSH HQYLVDJH j SUpVHQW G¶XWLOLVHU XQH WHFKQLTXH EDVpH VXU O¶XWLOLVDWLRQ GH
O¶HQ]\PH 3RO\$ %LQGLQJ 3URWHLQ 3$%3 5R\ HW DO  <DQJ HW DO  /D
3$%3VH OLHj ODTXHXHSRO\$GHV$51PHVVDJHUV/HSULQFLSHHVWG¶H[SULPHUXQH
YHUVLRQpWLTXHWpHGHFHWWHHQ]\PHGDQVOHVFHOOXOHVG¶LQWpUrWHQO¶RFFXUUHQFHFHOOHV
GX 36& JUkFH DX V\VWqPH 8$6*DO /HV FRPSOH[HV $51P3$%3 VRQW HQVXLWH
©FURVVOLQNpVª SXLV LPPXQRSUpFLSLWpV DYHF XQ DQWLFRUSV GLULJp FRQWUH O¶pWLTXHWWH
SRUWpHSDUOD3$%3/HV$51PVSUpVHQWVGDQVFHVFRPSOH[HVVRQWHQILQLVROpVSXLV
VpTXHQFpV /HVSUHPLHUV WHVWV UpDOLVpVSDU O¶pTXLSHPRQWUHQW TXH OD VXUH[SUHVVLRQ
FRQWLQXH GH OD3$%3GDQV OH36& LQGXLW OD IRUPDWLRQ GH ODPHOORF\WHV GDQV OD*/
&RPPHSRXUOH78WDJJLQJO¶KRPpRVWDVLHGHOD*/HVWDOWpUpHGDQVFHVFRQGLWLRQV
,OHVWHQYLVDJHDEOHG¶H[SULPHUOD3$%3GDQVOH36&SHQGDQWXQWHPSVUHVWUHLQWHQ
XWLOLVDQW OH V\VWqPH *DO*DOWV 'HV pWDSHV GH PLVH DX SRLQW VHURQW GRQF
QpFHVVDLUHVjO¶DGDSWDWLRQGHFHWWHWHFKQLTXHSRXUpWDEOLUOHWUDQVFULSWRPHGX36&
(QILQODGHUQLqUHDSSURFKHHQYLVDJpHHVWGHUpDOLVHUOHWUDQVFULSWRPHGHVFHOOXOHV










QpFHVVDLUHV SRXU FKDFXQH DILQ GH SRXYRLU LGHQWLILHU OH SOXV ILGqOHPHQW SRVVLEOH OH




,,,/D */ HVWHOOH OH VLWH PDMHXU GH SURGXFWLRQ GHV ODPHOORF\WHV DSUqV
SDUDVLWLVPH"
$4XHOOH HVW OD FRQWULEXWLRQ GH OD */ j OD SURGXFWLRQ JOREDOH GH
ODPHOORF\WHV"
2XWUH OD */ OHV FRPSDUWLPHQWV VHVVLOHV VRQW pJDOHPHQW UHVSRQVDEOHV GH OD
SURGXFWLRQ GH ODPHOORF\WHV HQ UpSRQVH DX SDUDVLWLVPH SDU GHV JXrSHV 0DUNXV HW
FRO  SURSRVHQW TXH OHV FRPSDUWLPHQWV VHVVLOHV HW QRQ OD */ VRQW OH VLWH
PDMHXUGHODSURGXFWLRQGHVODPHOORF\WHVHQUpSRQVHDXSDUDVLWLVPH0iUNXVHWDO
 (Q HIIHW HQ VpSDUDQW SDU OLJDWXUH OHV SDUWLHV DQWpULHXUH HW SRVWpULHXUH GH
ODUYHVGHGURVRSKLOHVOHVDXWHXUVPRQWUHQWTXHO¶HQFDSVXODWLRQGHV°XIVGHJXrSHV
SHXWDYRLUOLHXVDQVODFRQWULEXWLRQGHODSDUWLHDQWpULHXUHGXFRUSVGHODODUYHRVH
WURXYH OD*/ ,OVREVHUYHQWpJDOHPHQWTXHFHWWHHQFDSVXODWLRQSHXWDYRLU OLHXDORUV
TXH OD*/Q¶HVWSDVGLVSHUVpHHWSURSRVHQWGRQFTXH OD*/Q¶DTX¶XQ U{OHPLQHXU
GDQV O¶HQFDSVXODWLRQ GHV°XIV GH JXrSH DSUqV SDUDVLWLVPH OH U{OH SULQFLSDO pWDQW
WHQX SDU OHV FRPSDUWLPHQWV KpPDWRSRwpWLTXHV VHVVLOHV'DQV O¶pWXGH GH0DUNXV HW
FROQLOHWDX[G¶HQFDSVXODWLRQGHV°XIVGHJXrSHQLOHVXFFqVGXSDUDVLWLVPH
Q¶D pWp TXDQWLILp 8Q SRLQW LPSRUWDQW GH FHWWH pWXGHHVW TXH O¶HQVHPEOH GHV
H[SpULHQFHVGHSDUDVLWLVPHDpWpUpDOLVpjODWHPSpUDWXUHGH&$XFRXUVGHPHV
H[SpULHQFHV M¶DL pWp DPHQpH j XWLOLVHU GLIIpUHQWHV FRQGLWLRQV GH WHPSpUDWXUH SRXU
SHUPHWWUH O¶H[SUHVVLRQ FRQGLWLRQQHOOH GH JqQHV -¶DL REVHUYp TX¶j & OD */ GH






*/ VRQW GRQF OD VRXUFH SULQFLSDOH GH ODPHOORF\WHV /D TXDQWLWp GH ODPHOORF\WHV
SURGXLWV HWRX OH WHPSV QpFHVVDLUH j OHXU SURGXFWLRQ SRXUUDLHQW rWUH DOWpUpV
1pDQPRLQV j  RX & WHPSpUDWXUH j ODTXHOOH M¶DL UpDOLVp OD PDMRULWp GH PHV
H[SpULHQFHV OD*/ SURGXLWPDVVLYHPHQW GHV ODPHOORF\WHV TXL VRQW HQVXLWH OLEpUpV
GDQVODFLUFXODWLRQO\PSKDWLTXHHWGRLYHQWFHUWDLQHPHQWFRQWULEXHUjO¶HQFDSVXODWLRQ
2U OD UpXVVLWH GH OD QHXWUDOLVDWLRQ GH O¶°XI GH JXrSH SDU HQFDSVXODWLRQ HVW XQH
FRXUVHFRQWUH ODPRQWUH(QHIIHW VL OD UpSRQVH LPPXQLWDLUHHVW WURS WDUGLYH RXGH

'LVFXVVLRQ
WURS IDLEOH DPSOLWXGH O¶°XI GH JXrSH pFORW HW GRQQH QDLVVDQFH j XQH ODUYH /D
WHPSpUDWXUHVHPEOHGRQFPRGLILHUOHVSDUDPqWUHVGHFHWWHFRXUVHFDUHOOHUDOHQWLWOD
PLVH HQ SODFH GH OD UpSRQVH LPPXQLWDLUH PDLV SRWHQWLHOOHPHQW DXVVL OH WHPSV GH
GpYHORSSHPHQWGH O¶°XIGHJXrSH6DYRLUVL ODUpVLVWDQFHGHV ODUYHVGHGURVRSKLOH
DX SDUDVLWLVPH SDU GHV JXrSHV QpFHVVLWH XQH SURGXFWLRQPDVVLYH GH ODPHOORF\WHV
SDUOD*/UHVWHGRQFXQHTXHVWLRQRXYHUWH8QHK\SRWKqVHHVWTXHOHVODPHOORF\WHV
SURGXLWVSDUOHVFRPSDUWLPHQWVVHVVLOHVSRXUUDLHQWSOXVUDSLGHPHQWDWWHLQGUHO¶°XIGH
JXrSH HW DLQVL DJLU SUpFRFHPHQW GDQV OD IRUPDWLRQ GH OD FDSVXOH WDQGLV TXH OHV
ODPHOORF\WHV SURGXLWV GDQV OD */ OLEpUpV DX PRPHQW GH OD GLVSHUVLRQ GH OD */
SRXUUDLHQW LQWHUYHQLU XQ SHX SOXV WDUGLYHPHQW HW FRQVROLGHU OD FDSVXOH 6HORQ FHWWH




VXSSOpPHQWDLUHV VHURQW QpFHVVDLUHV SRXU GpWHUPLQHU OD FRQWULEXWLRQ UHODWLYH GHV
GLIIpUHQWV FRPSDUWLPHQWV KpPDWRSRwpWLTXHV SURGXFWHXUV GH ODPHOORF\WHV j
O
HQFDSVXODWLRQGHV°XIVGHJXrSH1pDQPRLQVLOHVWGpPRQWUpTXHOH36&MRXHXQ










OLJDQG 6SL VpFUpWp SDU OH 36& VRQW UHTXLV DSUqV SDUDVLWLVPH SRXU SHUPHWWUH
O¶HQFDSVXODWLRQ GHV°XIV GH JXrSHV OHV DXWHXUV SURSRVHQW TXH OD YRLH (*)5 HVW
DFWLYpH SDU 6SL GDQV OHV KpPRF\WHV HQ FLUFXODWLRQ TXL VH GLIIpUHQFLHQW DORUV HQ
ODPHOORF\WHV 6LQHQNR HW DO  ,O HVW j QRWHU TXH OHV ODPHOORF\WHV GLIIpUHQFLpV
SUpVHQWVGDQVODFLUFXODWLRQO\PSKDWLTXHRQWpWpREVHUYpV+DSUqVSDUDVLWLVPH$
FH VWDGH OD */ HVW FRPSOqWHPHQW GLVSHUVpH &HV ODPHOORF\WHV SRXUUDLHQW GRQF
SURYHQLUGXFRPSDUWLPHQWFLUFXODWRLUHFRPPHSURSRVpGDQVFHWWHSXEOLFDWLRQPDLV
DXVVLGHOD*//HVGHX[SRVVLELOLWpVQHVRQWG¶DLOOHXUVSDVPXWXHOOHPHQWH[FOXVLYHV
8QH DXWUH VLWXDWLRQ VXJJqUH OD FDSDFLWp GX 36& j FRQWU{OHU OD SURGXFWLRQ GH
ODPHOORF\WHV GDQV WRXWH OD ODUYH 'DQV XQPXWDQW QXO col DXFXQ ODPHOORF\WH Q¶HVW
GpWHFWpGDQVODFLUFXODWLRQO\PSKDWLTXHDSUqVSDUDVLWLVPH&UR]DWLHUHWDO&RO
HVW UHTXLV j OD VSpFLILFDWLRQ GHV FHOOXOHV GX 36& HW O¶DEVHQFH GH ODPHOORF\WHV
REVHUYpHGDQVOHPXWDQWcolSRXUUDLWGRQFrWUHGXHjO¶DEVHQFHGH36&&HSHQGDQW
LOQ¶HVWSDVFODLUHPHQWGpILQLVL O¶DEVHQFHGH36&HVWUHVSRQVDEOHGHFHSKpQRW\SH
6DYRLU VL HQSOXVGHVRQ U{OHGDQV OH FRQWU{OHGH O¶KRPpRVWDVLHGH OD*/ OH36&







/¶LQIHFWLRQ GH ODUYHV GH GURVRSKLOH SDU GHV JXrSHV SDUDVLWRwGHV FRQVWLWXH XQ
V\VWqPH PRGqOH SDUWLFXOLqUHPHQW LQWpUHVVDQW SRXU pWXGLHU OD UpSRQVH LPPXQLWDLUH
FHOOXODLUHPDLVDXVVLOHVFKDQJHPHQWVKpPDWRSRwpWLTXHVIDLVDQWVXLWHjXQHLQIHFWLRQ
SDU XQ SDWKRJqQH $LQVL ORUV GH PD WKqVH M¶DL pWXGLp XQ W\SH G¶LQWpUDFWLRQ K{WH
SDWKRJqQHHQPH IRFDOLVDQW VXU OD UpSRQVHGH O¶K{WHj ODSUpVHQFHGXSDWKRJqQH
/RUVG¶XQHLQIHFWLRQO¶K{WHHWO¶RUJDQLVPHTXLOHFRQWDPLQHVHOLYUHQWXQFRPEDWVDQV
PHUFL 0D WKqVH P¶DXUD SHUPLV G¶DERUGHU FH SURFHVVXV IDVFLQDQW HQ XWLOLVDQW XQ
PRGqOHRULJLQDOHWGHVRXWLOVJpQpWLTXHVSXLVVDQWV2XWUHODIRUPDWLRQVFLHQWLILTXHHW


















*HQHWLFV 1DWLRQDO <DQJ0LQJ 8QLYHUVLW\ 7DLSHL ,QVWLWXWH RI 0ROHFXODU %LRORJ\
$FDGHPLD6LQLFD7DLSHL7DLZDQ5HSXEOLFRI&KLQD/D OLJQpHdomeMESO-gal4D
pWpJpQpUpHGDQVQRWUHpTXLSHHQFORQDQWXQHSDUWLHGHVVpTXHQFHVUpJXODWULFHVGH
dome HQ DPRQW GH OD VpTXHQFH FRGDQWH GHgal4 /HPXWDQW QXOupd3 SURYLHQW GX




GX PDUTXHXU 'RPH0(62*)3 GDQV OD =0 D pWp UpDOLVpH FRPPH GpFULW GDQV
O¶DUWLFOH /¶LQWHQVLWpG¶H[SUHVVLRQGDQV OH36&GH OD*)3VRXV OH FRQWU{OHGXSLORWH












0DUTXDJH GHV $51V SDU ©78WDJJLQJª HW H[WUDFWLRQ GHV $51V OHV
FURLVHPHQWVUpDOLVpVVRQWcol-gal4[8$68357+$SRXUOHPDUTXDJHGHV$51VGX
36& HW elav-gal4 [ 8$68357+$ SRXU OHPDUTXDJH GHV $51V GX FHUYHDX /HV
'URVRSKLOHV DGXOWHV RQW pWpPLVHVj SRQGUHSHQGDQW RX+j&$X VWDGH




WRXWH OD GXUpH GH O¶LQJHVWLRQ GH 78 YDULDQW GH  j + VHORQ O¶H[SpULHQFH /HV
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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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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9H
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1DSSL $ 3RLULp 0 DQG &DUWRQ < 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3DUDVLWRO 70
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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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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 *HQHWLF DQDO\VLV RI FRQWULEXWLRQV RI
GRUVDOJURXSDQG-$.6WDW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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Drosophila response to wasp parasitism : role of the Toll/NFB signalling pathway 
Abstract 
 In all organisms, the immune response is divided into two parts: the humoral response, which consists of 
producing a large number of molecules to combat the pathogen, and the cellular response, which relies on immune 
cells produced during hematopoiesis. In adult mammals, hematopoiesis occurs in the bone marrow, where a 
particular microenvironment called the “hematopoietic niche” controls self-renewal, proliferation and differentiation 
of Hematopoietic Stem Cells (HSCs), which give rise to all blood cell types. Following a pathogenic infection, the 
hematopoietic system’s homeostasis is modified in order to obtain an adapted cellular immune response. The role 
that the hematopoietic niche plays during an immune response remains unclear.  
Drosophila is used as a model system to study in vivo hematopoiesis and the immune response. In drosophila, 
hematopoiesis occurs at the larval stage in a specialized organ called the Lymph Gland (LG). Within this organ, a 
small group of cells termed the Posterior Signalling Center (PSC), controls the balance between hematopoietic 
progenitors and differentiated immune/blood cells, a role similar to the mammalian hematopoietic niche. Following 
an immune challenge, especially in response to wasp parasitism, a massive differentiation of specific immune cells 
called lamellocytes occurs in the LG. The LG subsequently disperses to release lamellocytes into the hemolymph. 
During parasitism, the wasp lays an egg in the drosophila larva. In the absence of a cellular immune response, the 
wasp egg will develop and kill its host. By forming a capsule around the wasp egg, lamellocytes impede the 
pathogen’s development and permit the host’s survival.  
 During my PhD, I studied the drosophila larva cellular immune response to wasp parasitism. I focused my 
research on the role of the “hematopoietic niche”. I therefore initiated a transcriptomic study, in order to identify 
genes expressed by the PSC in response to parasitism. In parallel, I characterized the role of the Toll/NFB 
signalling pathway in the LG during parasitism. The Toll/NFB pathway plays a key role in the humoral response 
both in drosophila and mammals; however its role in the cellular immune response remains unknown. My results 
indicate that the Toll/NFB pathway is activated in the PSC following parasitism. Its activation is mediated by the 
NFB transcription factor « Dorsal-related Immunity Factor » (Dif), which is required in the PSC for rapid 
lamellocyte production and LG dispersion. Furthermore, I established the existence of a genetic network comprising 
the Toll/NFkB and EGFR signalling pathways and Reactive Oxygen Species (ROS), in order to control the immune 
response to parasitism. An increase in ROS levels in the PSC and EGFR pathway activation in the immune cells, 
have been described as required for wasp egg encapsulation. My data suggest that the ROS and the EGFR pathway 
are also required for LG dispersion following wasp parasitism, in PSC cells and in hematopoietic progenitors, 
respectively. Based on the high conservation of signalling pathways and molecular processes controlling 
hematopoiesis, my results raise the question of whether such a network is conserved in the mammalian 
hematopoietic niche in response to pathogenic infections.  
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Réponse au parasitisme par des guêpes chez la drosophile : rôle de la voie de signalisation Toll/NFB 
Résumé 
 Dans tous les organismes animaux la réponse immunitaire est divisée en deux composantes : la réponse 
humorale, qui consiste en la production d’un grand nombre de molécules toxiques pour le pathogène, et la réponse 
cellulaire, qui met en jeu des cellules immunitaires produites lors de l’hématopoïèse. Chez les mammifères adultes, 
l’hématopoïèse se déroule dans la moelle osseuse, où un microenvironnement particulier appelé « niche 
hématopoïétique » contrôle l’auto-renouvèlement, la prolifération et la différenciation des Cellules Souches 
Hématopoïétiques (CSH) à l’origine de l’ensemble des cellules sanguines/immunitaires. Suite à une infection par un 
pathogène, l’homéostasie du système hématopoïétique est modifiée, afin de permettre la mise en place d’une réponse 
immunitaire cellulaire adaptée. Le rôle de la niche hématopoïétique dans le contrôle de l’hématopoïèse suite à une 
infection reste à ce jour mal connu. La drosophile est utilisée comme système modèle pour étudier in vivo
l’hématopoïèse et la réponse immunitaire. L’hématopoïèse a lieu chez la drosophile au stade larvaire dans un organe 
spécialisé appelé Glande Lymphatique (GL). Au sein de cet organe, un petit groupe de cellules, le Centre de 
Signalisation Postérieur (PSC), contrôle l’équilibre entre progéniteurs hématopoïétiques et cellules immunitaires 
différenciées, et a donc un rôle équivalent à celui de la niche hématopoïétique des mammifères. Suite à un stress 
immun,  tel que le parasitisme par des guêpes, une différenciation massive de cellules immunitaires spécifiques, les 
lamellocytes, a lieu dans la GL; puis la dispersion de la GL permet la libération des lamellocytes dans la circulation 
lymphatique. Lors du parasitisme, la guêpe pond un œuf dans le corps de la larve de drosophile. En absence de 
réponse immunitaire cellulaire, l’œuf de guêpe se développe au dépend de son hôte, entraînant sa mort. En formant 
une capsule autour de l’œuf de guêpe, les lamellocytes neutralisent son développement et permettent la survie de 
l’hôte. 
 Au cours de ma thèse, je me suis intéressée à la réponse immunitaire cellulaire de la larve de drosophile au 
parasitisme par des guêpes. Je me suis plus particulièrement intéressée au rôle de la « niche hématopoïétique » dans 
cette réponse. Pour cela, j’ai initié une approche transcriptomique ayant pour but d’identifier les gènes 
spécifiquement exprimés dans le PSC en réponse au parasitisme. En parallèle, j’ai caractérisé le rôle de la voie de 
signalisation Toll/NFB dans la GL lors de la réponse au parasitisme. La voie Toll/NFB joue un rôle essentiel dans 
la réponse immunitaire humorale et son rôle dans la réponse immunitaire cellulaire reste à définir. Mes travaux 
indiquent que la voie Toll/NFB est activée dans le PSC suite au parasitisme. Son activation est médiée par le 
facteur de transcription NFB «Dorsal-related Immunity Factor» (Dif), qui est requis dans le PSC pour permettre la 
différenciation rapide et massive de lamellocytes et la dispersion des cellules de la GL. De plus, j’ai établi un réseau 
génique, impliquant les deux voies de signalisation Toll/NFB et EGFR ainsi que les espèces réactives de l’oxygène 
(ROS) dans le contrôle de la réponse au parasitisme. Une augmentation du niveau de ROS dans le PSC et 
l’activation de la voie EGFR dans les cellules immunitaires ont été décrits comme nécessaires à l’encapsulation des 
œufs de guêpe après parasitisme. Mes données établissent qu’ils sont en plus requis respectivement dans les cellules 
du PSC et dans les progéniteurs hématopoïétiques pour permettre la dispersion de la GL après parasitisme. Basé sur 
la forte conservation des voies de signalisation et processus moléculaires contrôlant l’hématopoïèse entre les 
mammifères et la drosophile, mes résultats posent la question de la conservation du réseau génique établi chez la 
drosophile et du rôle de la voie NFB dans la niche hématopoïétique des mammifères  lors d’une réponse à une 
infection. 
Mots clés: 1. drosophile 2. réponse immunitaire 3. parasitisme 4. hématopoïèse 
  
